ABSTRACT
SALGER, SCOTT ALAN. Characterization of the Antimicrobial Peptides, Piscidins, in the
Striped Bass (Morone saxatilis) and Hybrid Striped Bass (M. chrysops x M. saxatilis).
(Under the direction of Dr. Harry V. Daniels).
Prophylactic antibiotics and vaccination are currently the most commonly used methods to
control disease outbreaks and mortality in the aquaculture industry. Unfortunately, these
methods not only lead to the potential of antibiotic resistant strains of bacteria but may also
have negative impacts on environmental and human health. The high stocking densities
required to maximize profits in the aquaculture industry lead to crop mortality due to stress.
How stress affects the immune system of fish grown in culture is not very well understood.
Also, knowledge of the ontogeny of the immune system in fish may help to decrease these
losses. Using the fishes’ innate immune system to decrease disease related mortalities is a
valuable alternative to drugs and chemicals. One component of the innate immune system are
the antimicrobial peptides (AMPs). These are usually small amphipathic, α-helical peptides
with a broad-spectrum of action against viral, bacterial, fungal, and protozoan pathogens. A
family of AMPs have been found in the hybrid striped bass (HSB; white bass, Morone
chrysops, x striped bass, M. saxatilis), named piscidins. We have identified four piscidins in
the hybrid which were previously unknown, increasing our knowledge of known piscidins to
10, and have described the tissue distribution of the piscidins. We have also determined the
parental contributions of each piscidin to the hybrids and devised a revised nomenclature in
these species based on a three class system by length of the mature peptide. The Class I
piscidins (22 AA in length) show broad-spectrum of activity against bacterial pathogens and

ciliated protozoans and the Class III piscidins (55 AA in length) have activity mainly against
protozoans, while the Class II piscidins (44-46 AA in length) have activities between the
other two classes. In a crowding stress challenge, gene expression decreased for the majority
of piscidins in the fish held in the high density tanks, versus those held in the low density
tanks. Ms Piscidin IIA protein concentrations decreased, similar to the gene expression for
this piscidin. High levels of variation were seen between individual fish sampled in each
treatment. Using immunofluorescent histochemistry, we have determined the first presence
and cellular and tissue distribution of three piscidins during the development of the striped
bass. No staining was observed in fry prior to 16 days post hatch (dph). Staining was
observed in many epithelial tissues such as the gill, digestive tissues, and skin, mainly in
granular cells. Staining was also seen early on in what appear to be mononuclear and
undifferentiated cells in the head and trunk kidney. Knowledge of piscidin function, activity,
the effects of chronic stress on the piscidins, and when the larval fish gain
immunocompetence, may lead to better methods of controlling mortalities from disease.
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Chapter I

ANTIMICROBIAL PEPTIDES OF FISH, AMPHIBIANS, AND REPTILES:
CHARACTERISTICS AND FUTURE

1

1. INTRODUCTION

Disease can be a major impediment to the success and survival of any organism. In
the natural setting, many mortality events can be traced to climate change, habitat change and
destruction, industrial and residential chemicals, and introduced organisms and pathogens,
among many others. Adaptive changes by the organism’s self defense mechanisms are a vital
component to handling these insults. The immune system is divided into two areas, the
innate, or nonspecific, system and the adaptive, or specific, system. The innate immune
system includes both cellular and humoral components and acts as a first line of defense
against pathogenic infection. The cellular components are made in part by cells such as
macrophages, granulocytes, phagocytes, and natural killer (NK) cells. The humoral system is
based on non-cellular, proteinaceous and non-proteinaceous molecules, such as antimicrobial
peptides (AMPs), lysozymes, and the complement components. Although believed that the
innate immune system is nonspecific in its targets of function, it may be more specific than
first realized.
In culture situations, one of the most common causes of poor growth, reproductive
problems, and disease resistance challenges is stress. In order to increase the production of
cultured animals, while decreasing costs, many farmers or culturists will grow and raise their
crops at higher densities than found in nature, which can trigger a stress response in the
animal. For many animals this can lead to the issues listed above. Stress is well known to
reduce the immune response in an organism which then opens up the chances for
opportunistic pathogens to attack and cause disease, possibly leading to mortalities.
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As part of the innate immune system, AMPs are usually found at epithelial borders
(skin, digestive system lining, lungs, reproductive system, and gills in fish), in all organisms
from bacteria and plants to humans. The AMPS are molecules, peptides, or proteins that have
a broad-spectrum of inhibitory or cidal activity against viruses, bacteria, fungi, and parasites.
AMPs can be small, some as small as amino acid derivatives, peptides made up of 10-50
residues, to small parts of much larger proteins. Many adopt an amphipathic α-helical
secondary structure that accords them their selective nature in non-self recognition of target.
It is generally accepted that AMPs kill pathogens via pore formation that can lead to
disruption in the osmotic balance of the organism. Different models have been described, the
barrel-stave, toroidal pore, and carpet models (Fig. 1). In all models the mechanism of pore
formation leads to cell lysis and cytoplasmic leakage. More evidence is showing that AMPs
may not act only as direct killers of pathogens, but may also inhibit DNA and RNA synthesis
(Subbalakshmi and Sitaram, 1998) and protein synthesis (Fig. 2) (Gennaro, 2002).
Animals such as fish, amphibians, and some reptiles live in direct contact with their
aquatic environment making it necessary that a protective strategy to fight against infection is
present at the environmental/cellular interface. AMPs provide a protective boundary at the
mucosal surfaces, such as the skin, gills, and digestive tract. Many AMPs have been isolated
from skin extracts of frogs. In fish, many are found in gill and digestive tissue. Three main
classes of AMPs have been identified in these animals. These include the cationic, α-helical
AMPs, histone-derived peptides, defensins, and cathelicidins. Following is a discussion of
the peptides found in fish, amphibians, and reptiles, along with a discussion of the future of
these peptides as potential therapeutics and biomarkers.
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2. CATIONIC, α-HELICAL AMPs

The cationic, α-helical AMPs are highly amphipathic in nature and have direct
antimicrobial activity against viruses, bacteria, fungi, and protozoa. It is becoming evident
that they may also function in an immunomodulatory fashion affecting inflammation and the
adaptive immune system (Brown and Hancock, 2006).
The first AMPs isolated from amphibians were magainins from the skin of the
African clawed frog (Xenopus laevis) (Zasloff, 1987). These are peptides of 23 residues and
have a broad-spectrum of activity against Gram-negative and Gram-positive bacteria and
fungi and may also have antiviral activity (Albiol Matanic and Castilla, 2004). They are also
known to function in wound healing and reduction of inflammation (Sai et al., 1995).
Piscidins and piscidin-like peptides are cationic, α-helical AMPs and were originally
isolated from the striped bass (Morone saxatilis), white bass (M. chrysops), and their hybrid
(Lauth, et al. 2002; Silphaduang, et al. 2006) but have since been found in many species.
There is evidence that they are ubiquitous among other teleost species (Silphaduang, et al.
2006; Corrales, et al. 2010). Piscidins are cationic, α-helical peptides ranging from less than
26 to 55 residues in length (Noga, et al. 2009; Salger, et al. 2011). The prepropeptide
structure is the same among all piscidins: a 22 amino acid signal peptide, a variable length
mature peptide, and a variable length prodomain. It is thought that the signal peptide is
enzymatically cleaved from the prepropeptide and there is evidence that the propeptide (the
mature peptide and prodomain) are stored in mast cell granules prior to release (Silphaduang
and Noga, 2001).
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Piscidin-like genes and peptides have been found in many teleosts, but are usually
named for the fish’s genus where they are found. For example, there is genetic evidence that
the pleurocidins, which were originally isolated from the winter flounder (Pleuronectes
americanus) (Cole et al., 1997), and the epinecidins of the grouper, Epinephelus coioides
(Pan, et al. 2007), may also be piscidins. In all these genes, the 22 amino acid signal peptide
is highly conserved (Table 1), even though the mature peptide and prodomain are highly
variable. Because of this and other evidence, these peptides should be renamed as piscidins in
order to alleviate confusion (Smith and Fernandes, 2009). Further study is necessary to
confirm this conservancy and the mechanism of their diversification.
The mode of action of the piscidins appears to occur with pathogen membrane
interaction. Because of the amphipathic and cationic properties piscidins are able to interact
with lipids in the outer membranes of bacterial, fungal, and protozoal cells. In the presence of
lipid micelles, they form a strong α-helix with the hydrophobic and hydrophilic residues
facing opposite sides (Campagna et al., 2007). It appears that they work via the carpet-like
strategy lying parallel with the membrane surface causing a disordered state at the lipid
surface. This then leads to pore formation in the membrane and thus release of intracellular
products (Chekmenev et al., 2006).
Similar to the piscidins of teleosts, the dermaseptins are a large family of small
cationic, α-helical AMPs from frogs of the Hylidae and Ranidae with a broad-spectrum of
antimicrobial activity. This superfamily includes the peptides originally named dermaseptins,
phylloseptins, plasticins, dermatoxins, phylloxins, hyposins, caerins, and aureins (Nicolas
and El Amri, 2009). Like the piscidins, the dermaseptins are synthesized as prepropeptides
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but are structurally different: a 22 amino acid signal peptide, a variable length prodomain,
and a variable length mature peptide. They have been localized to the granules of multinucleated cells of the granular glands (Nicolas and El Amri, 2009). Also similar to the
piscidins, the signal peptide is highly conserved among the dermaseptins of all species. They
form an amphipathic, α-helical structure when in contact with lipids which make up
pathogenic cellular membranes and work in similar fashion to the piscidins. It has been found
that when they form an interaction with the pathogen’s lipid membrane, they can form pores
to cause cell lysis (Conlon, 2011).
The piscidins and dermaseptins are similar in both form and function. Although it
appears that there may be no evolutionary or phylogenetic relationship between the two, the
fact that both frogs and teleosts live at least part time in water, and have peptides found in
mucosal tissues that work similarly, is important. This similarity may be a function of both
evolving mechanisms to fight against similar pathogens in similar environments, thus
diversifying based on similar selective pressures.
Phylogenetic analysis of the dermaseptin superfamily indicates that they originated
from a common ancestor and that diversification was the result of gene duplication,
hypermutation of the mature peptide regions, and positive selection of these genes (Duda et
al., 2002; Nicolas et al., 2003; Tennessen et al., 2005; VanHoye et al., 2003). This could
explain the high conservation of the signal peptide sequences and the variation in mature
peptides. Although much work needs to be performed to explain piscidin diversification, it
seems logical that they may have followed similar processes. Phylogenetic analysis of
dermaseptin genes of extant hylid and ranid frogs revealed that they first appeared in a
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common ancestor ~150 million years ago (VanHoye et al., 2003). This same analysis is
currently underway and preliminarily appears that the common ancestor producing piscidins
was at the Neognathi level (Fig. 3) (unpublished data).

3. HISTONE-DERIVED AMPs

A second class of AMPs are those that appear to be derived from the chromatin
stabilizing proteins, histones. Known as histone-like peptides, or HLPs, they are inhibitory
against a wide range of pathogens such as bacteria, fungi, and protozoans (Noga et al., 2011).
HLPs in fish were first identified from the skin of channel catfish (Ictalurus
punctatus) and found to be similar to the histone H2B. They inhibited bacteria and fungi
important to many fish species (Robinette et al., 1998). HLPs have also been identified in
rainbow trout and hybrid striped bass. These were named HLP-1, homologous to Histone
H2B, and HLP-2, homologous to Histone H1 (Noga et al., 2001). Other HLPs have been
found in Koho salmon (Oncorhynchus kisutch) (Patrzykat et al., 2001). HLPs similar to
Histone H2A (Fernandes et al., 2002) and H6 (Fernandes et al., 2003) have been isolated
from the skin of rainbow trout.
Similar to fish, AMPs derived from the histones have been identified in amphibians.
Buforins are histone H2A-derived AMPs from the Asian toad, Bufo bufo gargarizans.
Buforin I is a 39 amino acid peptide while buforin II is a 21 amino acid peptide. Buforin I is
produced by pepsin proteolysis in gastric gland cells and then secreted into the digestive
lumen where it adheres to the mucus lining the stomach epithelium and provides a protective
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layer against pathogens. Buforin II may kill bacteria by interacting with DNA and RNA, and
not by methods of membrane disruption, but a mechanism and effect are as yet unknown
(Cho et al., 2009).

4. DEFENSINS

Although much research has focused on mammalian defensins, because of their
characteristics as potent antiviral and antibacterial agents, toxin regulators, and ion-channel
blockers, research in other species is rapidly growing (Chattopadhyay et al., 2006). Defensins
are cationic peptides with antimicrobial activity. They are composed of many β-sheets and
cysteines to form disulfide bonds. One class of defensins are known as β-defensins. βdefensin-like peptides have been identified in both fish and reptiles (Wong et al., 2007).
A β-defensin-like peptide was isolated from the egg white of the loggerhead sea turtle
(Caretta caretta). It was found to be a 36 amino acid peptide containing six cysteine
residues. It has potent activity against the bacteria Escherichia coli and Salmonella
typhimurium and antiviral activity against the human rhabdovirus, Chandipura virus. It also
appears that it may replace lysozyme as a component of the innate immune system in the egg
(Chattopahhyay et al., 2006). Another β-defensin-like peptide, named pelovaterin, was
identified from the eggshell of the Chinese soft-shelled turtle (Pelodiscus sinensis). This
peptide is different from other defensins in that it has a large hydrophobic region and short
hydrophilic N-terminal. It has potent activity against Gram-negative bacteria and may protect
the egg from bacterial infection (Lakshminarayanan et al., 2008).
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β-defensin-like peptides have also been identified in fish. Following the completion
of the zebrafish (Danio rerio) and pufferfish (Takifugu and Tetraodon) genome sequencing,
defensin-like genes were identified in these species. These peptides contain six cysteines in
the mature peptide region. Interestingly, a recombinant zebrafish defensin was found to have
antiviral activity against the important fish virus viral hemorrhagic septicemia rhabdovirus
(VHSV) (Zou et al., 2007). Three β-defensins have recently been found in the rainbow trout
(Oncorhynchus mykiss). These appeared to be constitutively expressed, increasing expression
following infection (Casadei et al., 2009).

5. CATHELICIDINS

Another class of cysteine-rich AMPs are the cathelicidins. Cathelicidins are cationic
peptides that have a highly conserved N-terminal region that is highly similar to cathelin, an
inhibitor of cathepsin L, and a variable mature peptide. Many have been identified in cows,
pigs, horses, and sheep but only one has been identified from a human, mouse, and rat (Wang
et al., 2008; Zhao et al., 2008).
AMPs have been found in Atlantic hagfish (Myxine glutinosa) (Uzzell et al. 2003).
Three AMPs were isolated from intestinal tissues of the hagfish and appear to be ancient
members of the cathelicidin family. Using in situ hybridization, the transcripts were localized
to myeloid cell nests in the connective tissue of the intestine. This organization of cells and
tissues are similar to gut-associated lymphoid tissue (GALT) in jawed fish and the
mammalian spleen, which may lead to a greater understanding of the evolution of these
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tissues. Cathelicidins have also been identified in the Atlantic cod (Gadus morhua) (Maier et
al., 2008), rainbow trout, and Atlantic salmon (Salmo salar) (Chang et al., 2006).
Cathelicidins have been identified in the venom glands of the snakes Naja atra,
Bungarus fasciatus, and Ophiophagus hannah (Wang et al., 2008; Zhao et al., 2008). The
prepropeptide is constructed as: 22 amino acid signal peptide, conserved 135 amino acid
cathelin domain, and 34 amino acid mature peptide. They had broad-spectrum activity
against bacteria, especially multidrug resistant strains, and had little hemolytic activity (Zhao
et al., 2008). The cathelicidin isolated from B. fasciatus was named cathelicidin-BF. This
peptide had antifungal activity against some saprophytic fungal species and represents the
first report of killing against this class of fungi (Wang et al., 2008).

6. OTHER AMPs

The antimicrobial defenses of elasmobranchs are not well studied. Moore et al. (1993)
described a water soluble steroid with antibiotic activity in the spiny dogfish (Squalus
acanthius) they named squalamine. Squalamine is not a peptide but rather a cationic steroid
that may be derived from anion bile salts and spermidine. It displayed broad-spectrum
antibacterial activity against both Gram-negative and Gram-positive bacteria and may also
function as an antifungal and antiprotozoal agent. A 28 amino acid peptide with antibacterial
activity was isolated from the skin of the fermented skate (Raja kenojei) (Cho et al. 2005).
This peptide was named kenojeinin I and had potent activity against Bacillus subtilis, E. coli,
and Saccharomyces cerevisiae. Isolates obtained from nurse shark (Ginglymostoma cirratum)
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peripheral blood leukocytes showed antibacterial activity and were similar to histone proteins
or were fragments of these proteins (Vaughan 2011).
Hepcidins have also been isolated from the gill of hybrid striped bass (Lauth et al.,
2005). Although they have in vitro antibacterial activity, it appears that its main function may
be in iron uptake, which limits the amount of this nutrient for bacterial growth. It may have
more of a synergistic effect with other AMPs in vivo than it does direct antibacterial
functions. Hepcidins have also been found in amphibians, but it is not known whether they
have a direct killing effect or synergize with other AMPs, taking up iron to decrease its
availability for bacterial growth (Shi and Camus, 2006).
Other AMPs discovered in amphibians include temporins originally isolated from the
European red frog (Rana temporaria). These are very small AMPs with only 10-13 residues
and have activity against Gram-positive bacteria (Simmaco et al., 1996). They also may
function as chemoattractants for human monocytes, neutrophils, and macrophages and may
illustrate other functions of AMPs in immunomodulation and not just in antimicrobial
immunity (Chen et al., 2004). The AMPs bombinins from the frog Bombina variegate and
maximins from the frog Bombina maxima have also been found in amphibian skin.
Bombinins and bombinin H are derived from a precursor gene that encodes for both peptides;
maximin and maximin H are also derived from a precursor gene. These precursor genes code
for a single signal peptide and two or more bombinins or maximins (Simmaco et al., 2009).
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7. FUTURE OF AMPs

Most of the recent research into AMPs has focused on their therapeutic and
pharmacologic use. By taking advantage of the AMPs’ antimicrobial properties, researchers
hope to discover new and novel uses of these peptides in disease prevention and treatment. In
this section, I will review the current and future research addressing this topic.

7.1. ALTERNATIVES TO CURRENT ANTIBIOTICS

With the emergence of bacterial disease resistance and especially multidrug resistant
pathogens and the negative public connotation to the use of antibiotics in food production,
researchers have been working on finding alternatives to the traditional antibiotics currently
used (Conlon and Sonnevend, 2011). AMPs represent the forefront of this work because of
their broad-spectrum of bactericidal and inhibitory properties. Since these natural antibiotics
are gene-encoded, recognize a pattern of pathogen components, and are bactericidal against
many antibiotic resistant bacteria, it is generally thought that bacterial resistance may not
occur if using AMPs.
Although the AMPs appear to be a good alternative to the traditional antibiotics for
human use, those that have been put into clinical trial have not had much success. A few
have made it into the later stages of trials, but have not been approved for clinical use. The
main issues involve their production and regulation. Synthetic production is not economically
viable as it would cost too much to produce the peptides in the necessary quantities.
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Recombinant peptides are an alternative to synthetic peptides but there are also issues with
the high cost of production (Hancock and Sahl, 2006).
Other issues involved with using natural AMPs as alternatives to traditional
antibiotics include cell toxicity and the potential for cleavage by proteases. The majority of
clinical trials have focused on topical application of designed drugs to treat surface
infections. Not much is currently known of the affects of dosage to host cells. The AMPs
used for development are cationic and active against negatively charged pathogenic
membranes. Eukaryotic cell membranes do not have a negative charge, explaining the
relative lack of hemolysis by AMPs to the host cells. Also, many of these issues can be
alleviated via amino acid substitutions in production. It is known that proteases can cleave
AMPs and there is potential for unfavorable results due to this (Hancock and Sahl, 2006).
Pexiganan, a potential therapeutic designed from magainin 2, went through clinical
trial as a topical antibiotic. It reached Phase III clinical trials where it was shown to have
positive results but was rejected by the FDA in 1999 because it was no better than the current
treatments (McPhee and Hancock, 2005). There is potential, though, for increased potency
through amino acid substitutions and synergism with other drugs or molecules (Gottler and
Ramamoorthy, 2009).

7.2. BIOMARKERS AND SELECTIVE BREEDING

A proactive approach to disease prevention is a must for the long term viability of any
culture system. Methods that would either induce or strengthen the innate immune response
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which may not only be a first line of defense against an invading pathogen, but may also
prime the system for an adaptive response, may be of greater benefit to culture systems.
Taking advantage of the organism’s natural antimicrobial defense system, and thus AMPs, is
one potential way of doing this.
A dependable biomarker that could be used to monitor chronic stress prior to the
outbreak of disease would enhance the farmer’s ability for proactive farm practices.
Antimicrobial peptides such as the piscidins in teleost fish are a prime candidate for
biomakers. It is known that chronic stress leading to a release of corticosteroids is a
modulator of the AMP response. Topical treatment with glucocorticoid to the frog (Rana
esculenta) inhibited transcription of AMPs (Simmaco et al., 1997). Cortisol in itself is not a
good marker for stress in fish because it is highly reactive following normal capture practices
in culture situations (reviewed in Noga et al., 2011). By taking advantage of the fact that
piscidins are constitutively produced, and that they are downregulated or decreased following
chronic stress, we may be able to use them as a determinant of chronic stress. In culture it is
usually difficult to physically see signs of chronic stress until it is too late and the onset of
disease occurs. Ultimately, it may be possible to design an assay which is simple, quick to
deploy and measure, and able to be used directly by the farmer. These assays may be similar
to those developed in pregnancy and insulin tests, where they use a chromatic index to
measure levels of the intended protein, in this case the piscidins. Although the piscidins
would be used to initially develop and test the feasibility of such tools, this could be
transferred to other agriculturally important animals to measure AMPs in those species. It
may also be possible to use a more conserved target protein such as the defensins,
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cathelicidins, or histone-derived proteins that may have the ability to measure AMPs across a
number of different species.
Another aspect is to use AMPs as biomarkers for selective breeding. The reasons for
them being a prime candidate are the same as above: they have a broad-spectrum of activity,
they are constitutively expressed, in general their levels do not decrease due to acute stress,
and they are small and lend themselves to a rapid, stable test. Traditionally, selective
breeding of species has depended on selection of observable traits for reproductive viability,
growth, and disease resistance. To determine disease resistance in fish, for example, a
randomly selected group of potential broodstock could be challenged with a pathogen and
those families that showed the lowest mortalities would be used for breeding purposes. This
method poses many problems. First, because selection is based on family traits, the other
members may not necessarily have the same resistance to the selected pathogen. A second
issue is that this method only selects for a single pathogen and not a general response.
Another issue is encountered in the safety of the test itself. Because of the direct use of a
common pathogen there is a risk of release to the other individuals and to the environment,
so strict biosecurity practices must be in place.
One example of the potential use of AMPs as biomarkers in selective breeding is in
the aquaculture industry. Piscidins are a prime target for designing this type of assay.
Piscidins, as mentioned above, are small, wide ranging in teleost fishes, gene encoded
peptides. Variations in piscidin gene expression and protein concentration have been
observed between different individuals of the same species. In the hybrid striped bass there
are eight currently known or putative piscidins. Because of the hybridization, it is likely that
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some of the piscidin genes came from one parent while the remainder came from the other
parent. This is known to be true of the piscidin 1 and 2, both found in the hybrid striped bass.
Piscidin 1, also known as sb moronecidin, comes from the striped bass while piscidin 2, also
known as wb moronecidin, comes from the white bass (Lauth et al., 2002). Although each is
highly similar in both gene and peptide sequence (97% and 94%, respectively), they are two
separate peptides. This may also occur with other piscidins in this hybrid, but still remains to
be tested. This may cause some issues with using them as biomarkers for the broodstock in
producing the hybrid, but if the assay is designed to recognize both piscidins, such as the
highly conserved N-terminal region of the mature peptide, one assay may be able to measure
both piscidins in the hybrid striped bass but only one or the other in the striped bass or white.
This region is also fairly conserved in other teleost fishes allowing for the possibility of using
one assay for many different fish species, thus saving money in assay development and
production.
Although farming of frogs for commercial purposes other than for research animals is
not currently highly viable in the US (Virginia Cooperative Extension 2009), the same
techniques could be used in producing disease resistant frogs. Since many AMPs in frogs are
similar, like the piscidins in teleost fish, this could be taken advantage of for the production
of an assay to determine stress levels and for selective breeding.
There is the potential that AMPs as the proverbial canary in the mine could detect
unseen changes in natural environments. Samples of tissues from fish or amphibians could be
taken periodically from a pond, lake, or stream of interest and AMPs could be used to
monitor the health of those systems by comparative analysis of stress levels in these animals.
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This could prove to be an invaluable indirect measurement of the health of our wild
populations and environment.

7.3. TRANSGENICS

Insertion of genes of interest, or transgenics, has been an issue of much notice in
recent years. Research in transgenic animals and plants has focused mostly on increased
growth and decreased food conversion ratios. Work into increasing disease resistance via
insertion of immunomodulators or effectors is of great interest to the agriculture industry.
The insertion of AMP genes into fish has resulted in increased resistance to important
pathogens. For instance, when cecropin, an insect AMP, was inserted into transgenic medaka
(Oryzias latipes) they were more resistant to Pseudomonas fluorescens and Vibro
anguillarum (Sarmasik et al., 2002). Cecropin transgenic channel catfish were more resistant
to Edwardsiella ictaluri and Flavobacterium columnare than were controls (Dunham et al.,
2002). Transgenic zebrafish were also more resistant to F. columnare with a chicken
lysozyme insert (Yazawa et al., 2006).
Although use of transgenics to produce superior products in the culture of animals is
promising, there is a strong public disapproval to their use in the United States and Western
Europe. Most of the issues deal with public perception and misinformed “facts.” Although
the FDA recently approved Massachusetts based AquaBounty’s transgenic AquAdvantage
salmon as the first genetically modified animal for human consumption, acceptance of

17

genetically modified organisms (GMOs) by the general public will be very difficult.
Development of the use of transgenics in disease resistance may prove even more difficult.

7.4. EMERGING DISEASES

Emerging diseases affecting wild and cultured populations of animals is a significant
problem, possibly leading to declines in populations, and economic viability of farms. Of
recent issue has been the decline of global amphibian populations due to new and expanding
diseases. One such disease is chytridiomycosis caused by the chytrid fungus,
Batrachochytrium dendrobatidis, which affects many frog species (Rollins-Smith, 2009). It
appears that those populations or species of frogs that have the highest levels of AMPs are
also those that survive these infections with decreased mortalities (Woodhams et al., 2010).
AMPs may also provide protection of frogs from Ranavirus infections that have led to
mortalities in many populations around the world (Rollins-Smith, 2009). Skin peptides of the
tiger salamander (Ambystoma tigrinum) were tested against B. dendrobatidis, Staphylococcus
aureus, and Klebsiella sp. along with the Ambystoma tigrinum virus (ATV). The peptides
inhibited growth of the bacterial and fungal pathogens, but no conclusive pattern was
observed in the activity against ATV. Also, activity against B. dendrobatidis differed based
on the temperature at which the assays were performed (Sheafor et al., 2008).
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8. CONCLUSIONS

Antimicrobial peptides are known to have a broad-spectrum of activity against many
important pathogens of fish, amphibians, and reptiles. Their shear numbers and types lend
them to being very important components of the innate immune system in these organisms.
This large diversity has also led to a better understanding of frog evolution and how these
animals have survived many infections and insults throughout their life history. The future
study of these peptides will lead to a greater understanding of their role in immunity of
fishes, amphibians, reptiles, and in fact all living organisms.
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Figure 1. Models of AMP pore formation. The worm-hole pore model is the same as the
thoroidal pore model. (From Giuliani et al., 2008)
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Figure 2. Mechanisms of action of conventional antibiotics and AMPs. (From Sang and
Blecha, 2008).
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Figure 3. Preliminary analysis of piscidin and piscidin-like phylogeny in teleost fish.
Piscidins and piscidin-like genes have been identified in the Orders designated with asterisks.
The common ancestor for fish with piscidins appears to be at the Neognathi level.
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Table 1. Signal peptide sequences from selected piscidin and piscidin-like AMPs.
Piscidin1
Piscidin2
Piscidin3
Piscidin4
Piscidin5
Piscidin6
Piscidin6.3
Dicentracin
Dicentracin3?*
Dicentracin4?*
Dicentracin4?*
Dicentracin4?*
Pleurocidin
Epinecidin
Medaka*
Anoplopoma fimbria*
Sebastes caurinus*
Gasterosteus*
Fundulus heteroclitis*
Fundulus heteroclitis*
Sheepshead minnow*
Cod piscidin 1
Cod piscidin 2
Cod piscidin 3

MKCATLFLVLSMVVLMAEPGDA
MKCATLSLVLSMVVLMAEPGDA
MRCITLFLVLSMVVLMAEPGDA
MKCVMIFLVLTLVVLMAEPGEG
MKCVMIFLVLTLVVLMAEPGEG
MKCVMIFLVLTLVVLMAEPGEG
MKCVMIFLVLTLVVLMAEPGEC
MKCATLFLVLSMVVLMAEPGDA
MKCITVFLVLSMVVLMAEPGDA
MKCVMIFLVLTLVVLMAEPGEG
MRCVMIFLVLTLVVLMAEPGEG
MKCVTIFLVLTLVVLMAEPGEG
MKFTATFLMIAIFVLMVEPGEC
MRCIALFLVLSLVVLMAEPGEG
MKCTAIFLVLSMVVLMAQPAEG
MKCITLFLVMSLVVLMAEPGEC
MKFAMIFLVLTLVVLMAEPGDC
MKYVTIFLVLSLVVLMADPGDC
MRCVAIFLVLSLVVLMAEPGDC
MKCVMIFLVLSLVLLMAEPGEG
MKCIVVFLVLSMVVLMAQPGEG
MRYIVLLVVVLLLAMMVQPADC
MRCIFLLFVVLLLAMMVLPAEG
MRCIFLLFVVLLLAMMVLPAEG

* sequences translated from an EST submission
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MOLECULAR CHARACTERIZATION OF TWO ISOFORMS OF PISCIDIN 4 FROM
THE HYBRID STRIPED BASS (Morone chrysops x Morone saxatilis)

30

Molecular characterization of two isoforms of piscidin 4 from the hybrid
striped bass (Morone chrysops x Morone saxatilis)

Scott A. Salgera,*, Benjamin J. Readinga, David A. Baltzegara, Craig V. Sullivana, Edward J.
Nogab

a

Department of Biology, North Carolina State University, 127 David Clark Labs, Raleigh,

NC 27695, USA
b

Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State

University, 4700 Hillsborough St., Raleigh, NC 27606, USA

* Corresponding Author. Tel.: +1 919 513 6393; Fax: +1 919 513 6336.
Postal address: Department of Biology, North Carolina State University, 127 David Clark
Labs, Raleigh, NC 27695, USA
Email address: sasalger@ncsu.edu (S.A. Salger).

Key Words:
Antimicrobial peptides
Piscidin 4
Isoforms
Hybrid striped bass
Published Citation:
Salger SA, BJ Reading, DA Baltzegar, CV Sullivan, EJ Noga. 2011. Molecular
characterization of two isoforms of piscidin 4 from the hybrid striped bass (Morone
chrysops x Morone saxatilis). Fish and Shellfish Immunology 30:420-424.

31

Antimicrobial peptides (AMPs), components of innate immunity, serve as a first line
of defense against potential pathogens. AMPs have a broad spectrum of activity against
microorganisms such as bacteria, fungi, parasites, and viruses [1,2,3]. They have been
identified in virtually all groups of organisms, from bacteria to eukaryotic plants and animals.
It also has been postulated that they may be involved in other functions, such as chemotaxis
and opsonization. Their ubiquity and potent activity suggest that they are critical to immune
health.

One class of AMPs are small, linear, α-helical, amphipathic polypeptides [1]. A major
family of peptides in this class are the piscidins. Piscidin peptides are less than 26 residues in
length, except for the 44 amino acid piscidin 4, which was recently purified from the gill of
hybrid striped bass (white bass, Morone chrysops, x striped bass, M. saxatilis) [4]. Along
with the three other piscidins isolated from hybrid striped bass, piscidin 4 shares a conserved
N-terminal domain rich in histidine and phenylalanine. Originally isolated from striped bass,
white bass, and their hybrid [5,6], there is evidence that piscidins are present in a wide range
of teleost taxa, including the families Moronidae, Sciaenidae, Siganidae, Belontidae,
Cichlidae, Percichthyidae [5,7] and Latridae [8]. The chrysophsins, antimicrobial peptides
isolated from red sea bream (Chrysophrys major), a member of the family Sparidae, are also
similar to the piscidins [9]. Piscidin genes have also been cloned as cDNA and characterized
in striped bass and white bass [6], European seabass (Dicentrarchus labrax) [10], mandarin
fish (Siniperca chuatsi) [11], and Atlantic cod (Gadus morhua) [12]. Furthermore, genomic
evidence suggests that the pleurocidins, found in many flatfish species, may also be members
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of the piscidin family [11], as may be epinecidins of the grouper, Epinephelus coioides [13].
Also, these genes share a common pre-propeptide structure consisting of a 22 amino acid
signal peptide, followed by the mature peptide and a C-terminal prodomain of varying
lengths [6,14]. Specifically regarding piscidin 4, there is biochemical and immunochemical
evidence for its widespread presence in fish, including members of the families Moronidae,
Latidae, Sparidae, and Sciaenidae [15]. Piscidin 4 has strong activity against both fish and
human Gram-positive and Gram-negative bacterial pathogens [4].

Here we present for the first time the complete coding sequence (CDS) of a piscidin 4
peptide, cloned from the gill and intestine of hybrid striped bass. We also describe a novel
mRNA transcript similar to that of piscidin 4 cloned from intestine. This latter sequence
shares an identical putative signal peptide with and 89% nucleotide identity to piscidin 4.

Hybrid striped bass (20-35 g body weight) provided by Castle Hayne Fisheries, Inc.,
Aurora, NC, USA, were held at 14°C for at least 6 mo in 50 L aquaria fitted with a high flow
rate sand filter and bioreactor. The fish were fed a commercial diet (2 mm Finfish Starter
pellets, Zeigler Bros., Inc., Gardners, PA, USA). Water temperature was monitored daily
with ammonia, nitrite, pH, and salinity levels checked biweekly. Water changes were
performed once a week. During sampling, the fish were carefully netted from their aquarium
and euthanized with buffered tricaine methansulfonate (MS-222; 100 mg/mL). Fifty to 100
mg tissue samples of gill and foregut sections of the intestine were carefully removed and
briefly rinsed with deionized water to remove any surface debris. The samples were stored in
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liquid nitrogen until extraction was performed. Total RNA and genomic DNA were extracted
using Trizol Reagent (Invitrogen, Carlsbad, CA, USA) and quantified by Nanodrop®
spectrophotometry (Thermo Fisher Scientific, Wilmington, DE, USA).

A partial coding sequence of piscidin 4 was obtained by amplification of genomic
DNA from hybrid striped bass using primers designed from European seabass
(Dicentrarchus labrax) sequences. In December 2009, four seabass expressed sequence tags
(ESTs) encoding polypeptides of high similarity to piscidin 4 were identified following a
TBLASTN search [16] using the hybrid striped bass piscidin 4 polypeptide (Noga et al.
2009) as the reference sequence: NCBI Accession No. FM019965 (E-value = 9e-11),
FM025254 (E-value = 1e-10), FM019301 (E-value = 7e-07), and FM022266 (E-value = 3e05). These ESTs were aligned using Vector NTI software (Invitrogen) and PCR primers were
designed to target conserved regions in the seabass ESTs (primer pair P4 5, see Table 1).
Using hybrid striped bass genomic DNA extracted from gill as the template, PCR
amplification was performed with these primers on a Hybaid Px2 Thermal Cycler (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). The cycling protocol was as follows: 1 cycle,
95°C for 1 min; 30 cycles, 94°C for 30 sec, 52.2°C for 30 sec, and 68°C for 1 min; final
extension, 68°C for 5 min. The amplified products were electrophoresed (3% agarose, 10
mg/mL EtBr), and all bands were excised and purified using a GeneClean II kit (MP
Biomedicals, Solon, OH, USA) according to the kit protocol. Purified amplicons were cloned
into a pCR 2.1-TOPO vector and transformed into chemically competent TOP10 E. coli
using a TOPO TA Cloning kit (Invitrogen) and protocol. Transformant colonies were
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selectively grown (LB media with 50 mg/mL ampicillin) for plasmid extraction (PureLink
Quick Plasmid Miniprep Kit; Invitrogen) and sequencing at the University of Chicago
Cancer Research Center DNA Sequencing Facility (Chicago, IL, USA). Forward Sanger
sequencing was performed on an Applied Biosystems 3730XL DNA sequencer using the
M13 universal forward primer. All resulting sequences were aligned using the ClustalW
algorithm [17].

PCR primers for cloning the full-length cDNAs encoding piscidin 4 by nested Rapid
Amplification of cDNA Ends (RACE) were designed using the exonic regions in the
genomic sequences from the hybrid striped bass. Both 5’ and 3’ RACE were conducted using
the FirstChoice RLM-RACE kit (Ambion, Austin, TX, USA) with total RNA from hybrid
striped bass gill and intestine as the template. Primary and nested RACE-PCR amplification
was performed using an Applied Biosystems GeneAmp PCR 9700 thermal cycler (Life
Technologies Corporation, Carlsbad, CA, USA) using the gene-specific and kit-provided
primers listed in Table 1. The PCR cycling procedure was as follows: 1 cycle, 94°C for 3
min; 35 cycles, 94°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min; final extension, 72°C
for 7 min. Cloning and sequencing of the RACE-PCR products were performed as described
above. Resulting sequences were assembled into full-length contigs using ClustalW software
[17].

Comparisons to previously reported sequences were performed by BLASTN analysis
(NCBI) [18]. Alignments of the complete polypeptide sequences deduced from cDNA were
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manually conducted using MacVector™ (Oxford Molecular Ltd., Cary, NC, USA) software
with the ClustalW (v 1.83) algorithm [17]. Multiple alignment parameters were as follows:
open gap penalty=10.0; extended gap penalty=0.2; delay divergent=30%; gap distance=4;
similarity matrix=gonnet. The putative signal peptides were predicted using the SignalP 3.0
Server (Center for Biological Sequence Analysis, Lyngby, Denmark) [19]. The theoretical
isoelectric points and predicted molecular weights were determined using the ExPASY
ProtParam tool [20]. Secondary structure for the deduced peptide sequences were predicted
using the Garnier procedure with GOR4 software [21]. The helical wheel diagrams were
produced using EMBOSS pepwheel (European Bioinformatics Institute, Cambridge, UK)
[22].

Two putative isoforms of piscidin 4 in hybrid striped bass gill and intestinal tissues
were identified using the procedures detailed above (Fig.1). Both pre-propeptide sequences
had identical 22 amino acid long signal peptides. One isoform (FFRH) corresponds to the
peptide previously isolated by us [4] and having two phenylalanines, an arginine and a
histidine at the N-terminus, and with a pre-propeptide length of 70 amino acids. The
propeptide includes a 4 amino acid long prodomain at the C-terminus. A second isoform
(LIGS) was identified with an N-terminus containing leucine, isoleucine, glycine, and serine
in the first four positions and a pre-propeptide length of 72 amino acids. Also, the predicted
length of the mature LIGS isoform is 46 amino acids versus 44 in the mature FFRH isoform.
The added length was due to six additional nucleotides in the C-terminal region, which also
changes the structural motif of this region (see below).
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The ClustalW-formatted dendrogram (Fig. 2) shows relationships among
representative piscidin and pleurocidin sequences collected from online databases and the
primary literature (Table 2). Based on homology of complete polypeptide sequences
deduced from cDNA, the hybrid striped bass piscidin 4 isoforms cluster into two distinct
branches that are dissimilar to the previously identified Morone piscidins (1 and 2) and
Dicentrarchus dicentracin. This suggests that the two cloned cDNAs encoding FFRH and
LIGS peptides are piscidin 4 isoforms.

The predicted mass of the FFRH and LIGS isoforms are 5313.9 Da and 5536.4 Da,
respectively. During purification of piscidin 4, a major peak with an average isotopic mass of
5329.25 Da was identified using electrospray ionization mass spectroscopy (ESI-MS) [4].
Also, at that time the amino acid residue at position 20 could not be identified but was
speculated to be a hydroxylated tryptophan [4]. Upon analysis of the cDNA sequence, the
residue at this position does indeed appear to be tryptophan and our data is consistent with
the tryptophan being hydroxylated (MW of oxidation is 15.99 Da). The LIGS isoform has a
predicted isoelectric point (PI) of 11.84, which is consistent with the high predicted PI
(11.23) of the FFRH isoform without an unmodified tryptophan at position 20.

The α-helical plots of both isoforms were performed using EMBOSS pepwheel
software. As stated previously, the N-terminal domain of the FFRH isoform suggests an
amphipathic nature while the C-terminus does not (Fig. 3b) [4]. The LIGS isoform follows
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this general pattern in the N-terminal domain but in the C-terminus, it does have a potential
for amphipathicity (Fig. 3a). The secondary structure of both isoforms predicted using the
Garnier procedure [21] exhibit a similar series of helices and coils in the N-terminal domain,
but with a different C-terminal structure (Fig. 4). The C-terminus of the FFRH isoform is
predicted to have two sheet regions separated by a coil (Fig. 4a), whereas the LIGS isoform
is predicted to have a helix and coil region followed at the end of the C-terminus by a sheet
region (Fig. 4b). These data suggest that, while both N-terminal domains may have similar
functions, the C-terminal domains may have different functions in the two isoforms.

To determine tissue expression profiles of the two putative piscidin 4 isoforms, total
RNA was isolated from hybrid striped bass gill and intestine using Trizol reagent following
the manufacturer’s instructions (Invitrogen). First strand cDNA was synthesized from 500
ng/μL total RNA and RT-PCR was performed using a ProtoScript M-MuLV Taq RT-PCR
Kit (New England Biolabs, Ipswich, MA, USA) on an Applied Biosystems GeneAmp PCR
9700 thermal cycler (Life Technologies Corporation, Carlsbad, CA, USA). Three PCR
amplifications per tissue were performed using the forward primer P4 5 F for all reactions,
along with either the RP4 R1, RP4 R2, or RP4 R3 reverse primer (Table 1). The RP4 R1
primer was designed to amplify all piscidin 4 isoforms, the RP4 R2 primer was designed to
amplify the LIGS isoform, and the RP4 R3 primer was designed to amplify the FFRH
isoform. The thermal cycling protocol was as follows: 1 cycle, 94°C for 3 min; 35 cycles,
94°C for 30 sec, 52.2°C for 30 sec, and 72°C for 1 min; final extension, 72°C for 7 min.

38

Previously, we found that the FFRH polypeptide isoform was abundant in gill,
whereas it was present at lower concentrations in intestine [15]. The qualitative results of
PCR suggest that the FFRH isoform transcript is also expressed more abundantly in gill than
intestine. In contrast, the LIGS isoform transcript appeared to be more abundant in intestine
than in gill (Fig. 5). This may also explain why the FFRH isoform, but not the LIGS isoform,
was cloned from gill cDNA and the LIGS isoform was seemingly more abundant in the
intestine than the FFRH isoform. Although the FFRH isoform is expressed in the intestine, a
greater proportion of isolated clones containing plasmids bearing LIGS isoform sequences
were obtained for this tissue (data not shown). These preliminary results will need to be
verified and extended to more tissues using quantitative PCR methods. Two bands of about
750 bp and 800 bp amplified in gill total RNA using the LIGS isoform specific primers
correspond to possible genomic DNA contamination in the sample (arrows) while their
presence is absent following DNase I treatment.

The FFRH peptide has been localized to the granules of mast cells using
immunohistochemistry [15] and appears to be constitutively expressed [4]. The α-defensins
are also constitutively expressed and are involved in the intracellular killing and degradation
of microorganisms inside the phagosome of neutrophils and Paneth cells [23]. It would be
interesting to investigate whether the LIGS isoform might also be localized to mast cells or to
epithelial cells of the intestine similar to the β-defensins which are excreted from epithelial
cells of the lungs and digestive system in mammals into the mucosa lining these tissues [23].
Since both deduced piscidin 4 peptides share the same signal peptide sequence, both might
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be directed to their proper target following the same signaling cues. This remains to be
verified, but if true, it suggests that both peptides might have similar immune functions,
which is also suggested by the similarities in their N-terminal peptide sequences and
predicted structures.

In summary, we have not only presented the complete cDNA sequence for the
previously isolated piscidin 4 peptide, but also have found a putative second piscidin 4
isoform, hereafter to be named piscidin 5, expanding this AMP family. Further research to
more fully characterize these peptides and their individual and joint patterns of expression is
ongoing. Our cloning, sequencing and characterization of these two piscidin genes and their
deduced peptide products contributes to the expanding documentation of piscidins across a
wide phylogenetic array of fishes and provides new insights into the diversity and potential
functions of vertebrate AMPs.
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Table 1. Ambion RLM-RACE and gene specific primers used to clone the two piscidin 4 isoforms.
Primer Name
5’ RLM-RACE outer primer
3’ RLM-RACE outer primer
5’ RLM-RACE inner primer
3’ RLM-RACE inner primer
P4 5 F
sequences
P4 5 R
sequences
RP4 F1
RP4 F2
RP4 F3
RP4 F4
RP4 R1
RP4 R2
RP4 R3

Primer Sequence
5’ GCTGATGGCGATGAATGAACACTG 3’
5’ GCGAGCACAGAATTAATACGACT 3’
5’ CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG 3’
5’ CGCGGATCCGAATTAATACGACTCACTATAGG 3’
5’ GTTATGATCTTTTTGGTGTTGACA 3’

Use
5’ RLM-RACE primary primer
3’ RLM-RACE primary primer
5’ RLM-RACE nested primer
3’ RLM-RACE nested primer
Initial cloning of partial genomic DNA

5’ GCAGATAGTTTTGAAGCAAATTTT 3’

Initial cloning of partial genomic DNA

5’ CTGGTCGTCCTCATGGCTGAA 3’
5’ CAGACACTTATTCAGAGGGGCCAA 3’
5’ GGGAGGGTTTGATCGGAAGCTTATT 3’
5’ GGTCTTATTTCAAGGTGCCAGGCA 3’
5’ AAAAAGAACAGATTCAGCGCT 3’
5’ GGTAGTAGATCACAGGTCTTCGAAC 3’
5’ GATTGTTGTCCGTCTCAGGAAC 3’

Gene specific 5’ RLM-RACE primary primer
Gene specific 5’ RLM-RACE nested primer
Gene specific 5’ RLM-RACE nested primer
Gene specific 5’ RLM-RACE nested primer
Gene specific 3’ RLM-RACE primary primer
Gene specific 3’ RLM-RACE nested primer
Gene specific 3’ RLM-RACE nested primer
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Table 2. Genbank accession numbers of piscidin sequences referenced within this paper.
Species
Gadus morhua
Siniperca chuatsi
Dicentrarchus labrax

Common Name
Atlantic cod
mandarin fish
European seabass

Morone chrysops
Morone saxatilis
M. chrysops x M. saxatilis

white bass
striped bass
hybrid striped bass

Epinephelus akaara
Epinephelus coioides

Hong Kong grouper
orange-spotted grouper

Anoplopoma fimbria
Hippocampus kuda
Larimichthys crocea
Pseudopleuronectes americanus

sablefish
spotted seahorse
yellow croaker
winter flounder

Gene
Piscidin
Moronecidin
Dicentracin
cDN33P0006A17
cDN31P0002D22
cDN30P0006M08
cDN32P0002P18
Piscidin 1
Piscidin 2
Piscidin 4 FFRH
Piscidin 4 LIGS
Piscidin
Piscidin
Epinicidin-1
Dicentracin
Plp
Piscidin
Pleurocidin
Peptide-WFX
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Accession
FJ917596
AY647433
AY303949
FM025254
FM019965
FM019301
FM022266
AF394243
AF394244
HM596029
HM596030
EU741828
EU741829
AY294407
BT082403
AY864343
EU741827
AF301513
AY282498

Citation
[12]
[11]
[10]
unpublished
unpublished
unpublished
unpublished
[6]
[6]
This paper; [4]
This paper
[13]
[13]
[24]
unpublished
unpublished
unpublished
[25]
[26]

Figure legends

Figure 1. Nucleotide and predicted amino acid sequences for the two putative isoforms of
piscidin 4 (FFRH and LIGS). There was 89% similarity between the two nucleotide
sequences. The predicted 22 amino acid signal peptide, shown by the gray shading,
was identical in both isoforms. The 4 amino acid prodomains are boxed. Major
differences between the two isoforms were in the first 11 nucleotides encoding the
predicted mature peptide and in the C-terminal regions. Both the 5’ and 3’
untranslated regions (shown in italics) were similar in both isoforms. The
polyadenylation signals are underlined. ( | = nucleotide differences, * = stop codons)

Figure 2. ClustalW-formatted dendrogram showing relationships among representative
piscidins, dicentracins, moronicidins, and pleurocidins based on their complete
polypeptide sequences deduced from cDNA (Genbank accession numbers are listed
in Table 2). Numbers above each branch represent the p-distances (proportion of
differences between sequences). The two piscidin 4 isoforms (LIGS and FFRH) from
hybrid striped bass (M. chrysops x M. saxatilis) cluster into two distinct branches that
are dissimilar to the previously identified Morone piscidins and Dicentrarchus
dicentracin.

Figure 3. Helical wheel diagrams of piscidin 4 using EMBOSS PEPWHEEL software. a.
LIGS isoform. b. FFRH isoform. An amphipathic nature is suggested in both
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isoforms by the alignment of the hydrophobic residues (black) along one side of the
helix and the hydrophilic residues (white) along the other.

Figure 4. Predicted secondary structure of piscidin 4 AMPs. a. FFRH isoform. b. LIGS
isoform. c = coil, h = helix, e = sheet

Figure 5. Reverse Transcription-PCR of piscidin 4 isoform expression in gill and intestine
of hybrid striped bass. 1. P4 5 F + RP4 R1 primers (All piscidin 4 isoforms); 2. P4 5
F + RP4 R2 primers (LIGS isoform); 3. P4 5 F + RP4 R3 primers (FFRH isoform).
First-strand cDNA was synthesized from 500 ng/μL total RNA from hybrid striped
bass gill and intestine and was used as a template to amplify the different piscidin 4
isoforms. Lanes 8 and 9 both were run using the primers specific for the LIGS
isoform with genomic DNA or DNase I treated gill cDNA, respectively, as template.
The negative control was run using template only. The arrows indicate genomic DNA
contamination.
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Figure 1. Nucleotide and predicted amino acid sequences for the two putative isoforms of
piscidin 4 (FFRH and LIGS). There was 89% similarity between the two nucleotide
sequences. The predicted 22 amino acid signal peptide, shown by the gray shading,
was identical in both isoforms. The 4 amino acid prodomains are boxed. Major
differences between the two isoforms were in the first 11 nucleotides encoding the
predicted mature peptide and in the C-terminal regions. Both the 5’ and 3’
untranslated regions (shown in italics) were similar in both isoforms. The
polyadenylation signals are underlined. ( | = nucleotide differences, * = stop codons)
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Figure 2. ClustalW-formatted dendrogram showing relationships among representative
piscidins, dicentracins, moronecidins, and pleurocidins based on their complete polypeptide
sequences deduced from cDNA (Genbank accession numbers are listed in Table 2). Numbers
above each branch represent the p-distances (proportion of differences between sequences).
The two piscidin 4 isoforms (LIGS and FFRH) from hybrid striped bass (M. chrysops x M.
saxatilis) cluster into two distinct branches that are dissimilar to the previously identified
Morone piscidins and Dicentrarchus dicentracin.
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Figure 3. Helical wheel diagrams of piscidin 4 using EMBOSS PEPWHEEL software. a.
LIGS isoform. b. FFRH isoform. An amphipathic nature is suggested in both isoforms by the
alignment of the hydrophobic residues (black) along one side of the helix and the hydrophilic
residues (white) along the other.
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Figure 4. Predicted secondary structure of piscidin 4 AMPs. a. FFRH isoform. b. LIGS
isoform. c = coil, h = helix, e = sheet

a.
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40
|
|
|
|
FFRHLFRGAKAIFRGARQGWRAHKVVSRYRNRDVPETDNNQEEP
cccccccchhhhhhhhhhccccceeeeeecccccccccccceec

b.
10
20
30
40
|
|
|
|
LIGSLFRGAKAIFRGARQGWRSHKAVSRYRARYVRRPVIYYHRVYP
cccccccchhhhhhhhhccccccchhhhhhhhhcccceeeeeeeec
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Figure 5. Reverse Transcription-PCR of piscidin 4 isoform expression in gill and intestine of
hybrid striped bass. 1. P4 5 F + RP4 R1 primers (All piscidin 4 isoforms); 2. P4 5 F + RP4
R2 primers (LIGS isoform); 3. P4 5 F + RP4 R3 primers (FFRH isoform). Firststrand cDNA
was synthesized from 500 ng/mL total RNA from hybrid striped bass gill and intestine and
was used as a template to amplify the different piscidin 4 isoforms. Lanes 8 and 9 both were
run using the primers specific for the LIGS isoform with genomic DNA or DNase I treated
gill cDNA, respectively, as template. The negative control was run using template only. The
arrows indicate genomic DNA contamination.
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Chapter III

MOLECULAR AND FUNCTIONAL CHARACTERIZATION OF A FAMILY OF
ANTIMICROBIAL PEPTIDES, PISCIDINS, IN THE HYBRID STRIPED BASS
(Morone chrysops x M. saxatilis)
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ABSTRACT

Prophylactic antibiotics and vaccinations are currently the most common methods to control
loss of crops due to mortality in the aquaculture industry. These methods not only lead to the
potential of antibiotic resistant strains of bacteria but may also have negative impacts on
environmental and human health. Using the fishes’ innate immune system to decrease
disease related mortalities is a valuable alternative to drugs and chemicals. One component of
the innate immune system is the antimicrobial peptides (AMPs). These are usually small
amphipathic, α-helical peptides with a broad-spectrum of action against viral, bacterial,
fungal, and protozoan pathogens. A family of AMPs have been found in the hybrid striped
bass (HSB; white bass, Morone chrysops, x striped bass, M. saxatilis), named piscidins. We
have identified four piscidins in the hybrid which were previously unknown, increasing our
knowledge of known piscidins to 10, and have described the tissue distribution of the
piscidins. We have also determined the parental contributions of each piscidin to the hybrids
and devised a revised nomenclature in these species based on a three class system by length
of the mature peptide. The Class I piscidins (22 AA in length) show broad-spectrum of
activity against bacterial pathogens and ciliated protozoans and the Class III piscidins (55
AA in length) have activity mainly against protozoans, while the Class II piscidins (44-46
AA in length) have activities intermediate between the other two classes. Knowledge of
piscidin function and activity may help in the future development of disease resistant HSB
for use in the aquaculture industry.
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INTRODUCTION

Infectious diseases are a serious impediment to the success of any agricultural
endeavor, including aquaculture, and can lead to significant economic losses (Schnick, et al.
1997; Ligeon, et al. 2000; Woo 2006). Many diseases, including viruses, bacteria, fungi, and
parasites, affect aquacultured fish and shellfish. Even when a farmer follows good
management practices, the economic losses can be very significant, amounting to at least
10% of revenue (Parker 2001). Worldwide, it has been estimated that a 10% crop mortality
can equal nearly $5 billion in lost revenues (Noga et al. 2011).
The current means of treatment, control, and eradication of pathogens include the
administration of drugs, principally antibiotics, and chemicals, which require a protracted and
costly approval process. There are also public concerns about their use in food production
and potential effects on the human population and environment. These concerns include
chemical residues left in the animal that may be passed onto the consumer and the
development of antibiotic-resistant pathogens. Because of this, prophylactic vaccination of
disease (such as vaccination against important fish pathogens including the bacteria
Listonella (Vibrio) anguillarum and Aeromonas salmonicida), as opposed to reactive
treatments, are playing a greater and increasingly important role in aquaculture (Noga et al.
2011; Samuelsen et al. 2006; Toranzo et al. 2005). Public safety concerns have also led to a
shift from reactive drug and chemical use, to proactive forms of promoting disease
resistance. In order to mediate this response, farmers must make changes to their
management practices to ensure that the product they are producing both minimizes impact
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on the environment and provides a product that is safe for the consumer. Thus, providing
approaches to managing infectious disease that are applicable to many pathogens and aquatic
species, and not just a single species or pathogen, are becoming increasingly important and
can be accomplished by taking advantage of the animal’s natural nonspecific (innate)
immunity and especially antimicrobial peptides (AMPs).
The innate immune system of fish is critical because the animals are in direct contact
with their environmental medium, water. As a first line of defense, the mucosal epithelial
barriers, such as the skin and digestive tissue, are important in protecting the fish from nonself-insult by pathogens. Some components of the innate immune system are produced and
released at these barriers in response to this invasion to fight possible infections. One
component of this system is the AMPs that have broad-spectrum activity against
microorganisms such as bacteria, fungi, parasites, and viruses (Diamond et al. 2009; Pálffy et
al. 2009; Bulet et al. 2004). AMPs have been identified in virtually all groups of organisms,
from bacteria to eukaryotic plants and animals. It also has been postulated that they may be
involved in other functions, such as chemotaxis and opsonization. Their ubiquity and potent
activity suggest that they are critical to immune health.
One class of AMPs are small, linear, α-helical, amphipathic polypeptides (Diamond,
et al. 2009). A major family of peptides in this class are the piscidins. Piscidin peptides range
from less than 22 up to 55 residues in length (Noga et al. 2009; Salger et al. 2011) (Fig. 1).
Originally isolated from striped bass (Morone saxatilis), white bass (M. chrysops), and their
hybrids (Silphaduang et al. 2006; Lauth et al. 2002), there is evidence that piscidins are
present in a wide range of teleost taxa, including the families Moronidae, Sciaenidae,
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Siganidae, Belontidae, Cichlidae, Percichthyidae (Silphaduang et al. 2006; Dezfuli et al.
2010) and Latridae (Andrews et al. 2010). The chrysophsins, antimicrobial peptides isolated
from red sea bream (Chrysophrys major), a member of the family Sparidae, are also similar
to the piscidins (Iijima et al. 2003). Piscidin genes have also been cloned as cDNA and
characterized in striped bass and white bass (Lauth et al. 2002), their hybrids (M. chrysops x
M. saxatilis) (Salger, et al. 2011), European seabass (Dicentrarchus labrax) (Salerno et al.
2007), mandarin fish (Siniperca chuatsi) (Sun et al. 2007), and Atlantic cod (Gadus morhua)
(Fernandes et al. 2010). Furthermore, genomic evidence suggests that the pleurocidins, found
in many flatfish species, may also be members of the piscidin family (Sun et al. 2007), as
may be epinecidins of the grouper, Epinephelus coioides (Pan et al. 2007). There is also
evidence in expressed sequence tag (EST) databases that piscidins may be found in the
families Gasterosteidae, Sygnathidae, Sebastidae, Adrianichthyidae, Fundulidae,
Cyprinodontidae, and Anoplopomatidae (unpublished). Specifically regarding piscidin 4,
there is biochemical and immunochemical evidence for its widespread presence in fish,
including members of the families Moronidae, Latidae, Sparidae, and Sciaenidae (Corrales et
al. 2010). Piscidins have strong activity against both fish and human Gram-positive and
Gram-negative bacterial pathogens (Silphaduang and Noga 2001; Noga et al. 2009) and have
been localized to mast cells found in the gill and intestinal epithelium (Silphaduang and Noga
2001; Corrales et al. 2010).
A member of the Moronidae family of fishes, the hybrid striped bass (HSB; white
bass, M. chrysops, x striped bass, M. saxatilis) has been found to produce many piscidins.
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Hybrid striped bass are an important aquacultured finfish species in the United States with a
production volume of 5,192 tons and a value of $30.4 million in 2003 (Olin 2006).
With an increase in bacterial antibiotic resistance and especially multidrug resistant
pathogens, there is an increasing interest in finding alternatives to traditional antibiotics
(Conlon and Sonnevend 2011). AMPs represent the forefront of this work because of their
broad-spectrum of bactericidal and inhibitory properties. More work to define the diversity,
evolution, and function of AMPs is necessary to further research interest and therapeutic
application. Also, proper delivery to sites of infection is important for the drug to be an
effective therapeutic agent. This may include administration of inactive forms, from which
the appropriate tissue may process it to its active form.
We have previously reported the complete coding sequence and preliminary
characterization of two piscidins from the HSB (Salger et al. 2011). Here, we present
information on another related peptide, along with a new class of piscidins in these species.
We also further characterize the activities and functions of these peptides and present novel
modes of diversification of the piscidin family members.

MATERIALS AND METHODS

Experimental Animals
Hybrid striped bass (white bass, Morone chrysops, x striped bass, M. saxatilis; 35-100
g body weight) provided by Castle Hayne Fisheries, Inc., Aurora, NC, USA, were held at the
Don E. Ellis Building at North Carolina State University, Raleigh, NC between 14°C and
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23°C for at least 12 mo in 1203 L round tanks fitted with a Triton sand filter (Pentair Aquatic
Systems, Sanford, NC) and custom swirl separator and bioreactor. The fish were fed a
commercial diet (5 mm Finfish Gold pellets, Zeigler Bros., Inc., Gardners, PA, USA). Water
temperature was monitored daily and ammonia, nitrite, pH, and salinity levels checked
biweekly. Water changes were performed once daily.
Striped bass and white bass were provided by Dr. Andy McGinty at North Carolina
State University’s Pamlico Aquaculture Field Laboratory, Aurora, NC, USA. The fish were
held separately in three outdoor 2400 L tanks (1.73 m diameter, 0.6 m working depth)
according to standard culture procedures (Hodson and Sullivan, 1993; Rees and Harrell,
1990).

Bacterial cultures for antibacterial assays
Fish bacterial pathogens, Streptococcus iniae (isolated from rainbow trout,
Oncorhynchus mykiss), Lactococcus garvieae (multiple antibiotic-resistant strain), Vibrio
anguillarum (ATCC 19264), and Aeromonas hydrophila (ATCC 7965), and human bacterial
pathogens, Enterococcus faecalis (ATCC 29212), Staphylococcus aureus (ATCC 29213),
Shigella flexneri (ATCC 12022), and Escherichia coli (ATCC 25922), were isolated from
frozen glycerol stocks stored at -80°C. L. garvieae, A. hydrophila, E. faecalis, S. aureus, and
S. flexneri were grown in Mueller Hinton Broth (MHB); the MHB was supplemented with
1% NaCl for L. garvieae. The S. iniae, and V. anguillarum were grown in Tryptic Soy Broth
(TSB) supplemented with 1.5% NaCl and E. coli was grown in Luria Broth (LB). The fish
and human pathogens were grown at 25°C and 37°C, respectively, while shaking at 200 rpm

62

for 18 h except for S. iniae which was grown for 48 hrs. The cultures were passaged at least
three times each when in log phase to ensure that they had been acclimated back to culture.

Tetrahymena pyriformis culture
Anoxic cultures of T. pyriformis (#13-1620; Carolina Biological Supply, Burlington,
NC) were maintained in Tetrahymena medium (Carolina Biological Supply) and incubated
aerobically at 25°C. 100-150 mL of old culture was inoculated into 5 mL of fresh medium
every 4 days. Prior to use in antiparasitic assays, cultures were diluted 1:20 with sterile water.
After gentle mixing, the suspension was counted and adjusted to a final concentration of
20-25 ciliates per 10 mL.

Synthetic peptides
Synthetic piscidin peptides were produced at Yale University School of Medicine
Small Scale Peptide Synthesis (New Haven, CT) using Fmoc peptide synthesis on a Rainin
Symphony instrument that provides on instrument cleavage of the peptide from the resin. The
air-dried peptides were reconstituted in 0.01% acetic acid solution to a starting concentration
of 4 mg/mL for all antibacterial and antiprotozoal assays.

Molecular cloning of piscidins
Fish were carefully netted from aquaria and euthanized with buffered tricaine
methansulfonate (MS-222; 100 mg/mL). Fifty to 100 milligram tissue samples of gill were
carefully removed and briefly rinsed with deionized water to remove any surface debris. The
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samples were stored in liquid nitrogen and at -80°C until nucleic acid extraction was
performed. Total RNA and genomic DNA were extracted using Trizol Reagent (Invitrogen,
Carlsbad, CA) and quantified by Nanodrop spectrophotometry (Thermo Fisher Scientific,
Wilmington, DE).
A partial coding sequence of piscidin 3 was obtained by amplification of genomic
DNA from HSB using primers designed from European seabass (D. labrax) sequences. In
February 2010, one seabass expressed sequence tag (EST) encoding a polypeptide of high
similarity to piscidin 3 was identified following a TBLASTN search (Gertz et al. 2006) using
the hybrid striped bass piscidin 3 polypeptide (Silphaduang and Noga 2001) as the reference
sequence: NCBI Accession No. FM023299 (E-value = 6e-04). PCR primers were designed
against this EST (Table 1). Using hybrid striped bass genomic DNA extracted from gill as
the template, PCR amplification was performed with these primers on a Bio-Rad iCycler
thermalcycler (Bio-Rad Laboratories, Hercules, CA). The cycling protocol was as follows:
One cycle, 95°C for 1 min; 30 cycles, 94°C for 30 s, 52.2°C for 30 s, and 68°C for 1 min;
final extension, 68°C for 5 min.
A peptide with antibacterial activity has been previously purified from gill extracts of
HSB and sequenced (Edward J. Noga, personal communication). This peptide had a
molecular weight of 6.3 kDa and had a similar predicted secondary structure in the Nterminal region as all other piscidins. Degenerate primers were designed using an EST
sequence from the rockfish, Sebastes caurinus, [NCBI Accession No. GE811381 (E-value =
0.31), August 2010] as reference to amplify a short region of this peptide (Table 1). Using
hybrid striped bass genomic DNA extracted from gill as the template, PCR amplification was
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performed with these primers on a Bio-Rad iCycler thermalcycler (Bio-Rad Laboratories,
Hercules, CA, USA). The cycling protocol was as follows: One cycle, 95°C for 1 min; 30
cycles, 94°C for 30 s, 52°C for 30 s, and 68°C for 1 min; final extension, 68°C for 5 min.
The amplified products were electrophoresed (3% agarose,10 mg/mL EtBr), and all
bands were excised and purified using a GeneClean II kit (MP Biomedicals, Solon, OH)
according to the kit protocol. Purified amplicons were cloned into a pCR 2.1-TOPO vector
and transformed into chemically competent TOP10 E. coli using a TOPO TA Cloning kit
(Invitrogen) and protocol. Transformant colonies were selectively grown (LB media with 50
mg/mL ampicillin) for plasmid extraction (PureLink Quick Plasmid Miniprep Kit;
Invitrogen) and sequencing at the University of Chicago Cancer Research Center DNA
Sequencing Facility (Chicago, IL). Forward Sanger sequencing was performed on an Applied
Biosystems 3730XL DNA sequencer using the M13 universal forward primer. All resulting
sequences were aligned using the ClustalW algorithm (Thompson et al. 1994).
PCR primers for cloning the full-length cDNAs encoding piscidins 3 and the two 55
AA peptides by nested Rapid Amplification of cDNA Ends (RACE) were designed using the
exon regions in the genomic sequences from the hybrid striped bass (Table 1). Both 5’ and 3’
RACE were conducted using the FirstChoice RLM-RACE kit (Ambion, Austin, TX, USA)
with total RNA from hybrid striped bass gill as the template. Primary and nested RACE-PCR
amplification was performed using a Bio-Rad iCycler thermalcycler (Bio-Rad Laboratories)
and the gene specific and kit-provided primers listed in Table 1. The PCR cycling procedure
was as follows: One cycle, 94°C for 3 min; 35 cycles, 94°C for 30 s, 53°C (piscidin 3) or
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52.2°C (55 AA peptides) for 30 s, and 72°C for 1 min; final extension, 72°C for 7 min.
Cloning and sequencing of the RACE-PCR products were performed as described above.
Because the RACE-PCR products for the 55 AA peptides did not overlap, primers
were designed in the 5’ and 3’ UTR regions of the above found sequences (Table 1). The
PCR cycling procedure was as follows: One cycle, 94°C for 3 min; 35 cycles, 94°C for 30 s,
55°C for 30 s, and 72°C for 1 min; final extension, 72°C for 7 min. Cloning and sequencing
of the PCR products were performed as described above. The sequences obtained were
aligned with those from the RACE-PCR to verify complete coverage of the cDNA.

Analysis of piscidin sequences and features
Resulting cDNA sequences were assembled into full-length contigs using ClustalW
software (Thompson et al. 1994). Comparisons to previously reported sequences were
performed by BLASTN analysis (NCBI) (Altshul et al. 1990). Alignments of the complete
polypeptide sequences deduced from cDNA were manually conducted using MacVector
(Oxford Molecular Ltd., Cary, NC) software with the ClustalW (v 1.83) algorithm
(Thompson et al. 1994). Multiple alignment parameters were as follows: open gap penalty =
10.0; extended gap penalty = 0.2; delay divergent = 30%; gap distance = 4; similarity matrix
= gonnet. The putative signal peptides were predicted using the SignalP 3.0 Server (Center
for Biological Sequence Analysis, Lyngby, Denmark) (Emanuelsson et al. 2007). The
theoretical isoelectric points and predicted molecular weights were determined using the
ExPASY ProtParam tool (Gasteiger et al. 2005). Secondary structure for the deduced peptide
sequences was predicted using the Garnier procedure with GOR4 software (Garnier et al.
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1996). The helical wheel diagrams were produced using EMBOSS pepwheel (European
Bioinformatics Institute, Cambridge, UK) (Ramachandran and Sasisekharan 1968).

Assignment of Morone piscidin gene orthology
Genomic DNA (gDNA) was extracted from the erythrocytes of SB, WB, and HSB
using a Qiagen DNeasy Blood & Tissue Kit (Qiagen, Inc., Valencia, CA). Primers designed
previously for cloning and Real-Time qPCR were used to amplify specific piscidins from the
genome of each species (Table 1). PCR amplification was performed with these primers on a
Bio-Rad iCycler thermalcycler (Bio-Rad Laboratories, Hercules, CA). The cycling protocol
was as follows: One cycle, 95°C for 1 min; 30 cycles, 94°C for 30 s, 52.2°C for 30 s, and
68°C for 1 min; final extension, 68°C for 5 min. The amplified products were
electrophoresed (3% agarose,10 mg/mL EtBr), and all bands were excised and purified using
a GeneClean II kit (MP Biomedicals, Solon, OH) according to the kit protocol. Purified
amplicons were cloned into a pCR 2.1-TOPO vector and transformed into chemically
competent TOP10 E. coli using a TOPO TA Cloning kit (Invitrogen) and protocol.
Transformant colonies were selectively grown (LB media with 50 mg/mL ampicillin) for
plasmid extraction (PureLink Quick Plasmid Miniprep Kit; Invitrogen) and sequencing at the
University of Chicago Cancer Research Center DNA Sequencing Facility (Chicago, IL).
Forward Sanger sequencing was performed on an Applied Biosystems 3730XL DNA
sequencer using the M13 universal forward primer. All resulting sequences were aligned
using the ClustalW algorithm (Thompson et al. 1994).
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Piscidin mRNA Expression
Piscidin mRNA expression was performed as previously described with a few
exceptions (Tipsmark et al. 2008). Briefly, Total RNA was isolated from the liver and ovary
samples using Trizol reagent (Invitrogen, Carlsbad, CA). One microgram of the Total RNA
was used to synthesize cDNA using a High Capacity cDNA Synthesis kit (Applied
Biosystems, Carlsbad, CA) following treatment with Turbo DNA-free (Ambion, Foster City,
CA). RNA was quantified and checked for quality at each step using a Nanodrop ND-1000
spectrophotometer (Thermo Scientific, Wilmington, DE) and agarose electrophoresis,
respectively. Expression of Piscidin mRNA was measured using SYBR Green chemistry for
Real-Time quantitative PCR (qPCR). Piscidin gene-specific primers (Invitrogen) and probes
(Sigma-Aldrich, Co., St. Louis, MO) were designed using Beacon Designer (PREMIER
Biosoft, Int., Palo Alto, CA; Table 1). To optimize discrimination of our targets, we used
Fluorescent LNA (Locked Nucleic Acid) probes. LNA chemistry has the advantage over
TaqMan probes by locking specific nucleic acid analogs into a rigid conformation, which
increases thermal stability and improves specificity of probe hybridization. Specificity of the
primers for each piscidin were verified by both forward and reverse direct sequencing of
PCR products using HSB gill and intestine cDNA as template. Optimization for appropriate
annealing temperature, primer and probe concentrations, and cycling parameters was
performed using pooled cDNA from the above reverse transcription reactions. 100 ng
starting Total RNA was used for Real-Time qPCR analysis with Brilliant II QPCR Master
Mix (Agilent Technologies, Inc., Clara, CA) containing 3 μM gene-specific primers and 2.5
μM probe. No template controls and no reverse transcription controls were incorporated into
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each assay. Sequencing verified bacterial clones were used to produce the plasmid DNA used
for creating the standard curves. All Real-Time qRT-PCR assays were run on a 7300 Real
Time PCR System (Applied Biosystems). Cycling conditions were as follows: One cycle,
50°C for 2 min; One cycle, 95°C for 10 min; 40 cycles, 95°C for 15 s, 60°C for 1 min. Data
was normalized to the starting Total RNA concentration. Pooled Total RNA samples on each
plate were used to normalize the data between plates. Quantification of gene expression
(piscidin gene copy number/ng Total RNA) was carried out by dividing the anti-log of the
predicted gene copy number (predicted by comparing the mean cycle threshold (Ct) to the
serially diluted plasmid DNA standard curve) by the normalized Total RNA concentrations
used in the qPCR reactions. Agarose gel electrophoresis was performed to assess primer
specificity.

Enzyme-Linked Immnuosorbent Assay (ELISA) for piscidin 4 peptide concentration
The ELISA for piscidin 4 was performed as previously reported (Corrales et al. 2009).
This assay was done using the services of a commercial laboratory (ABI, San Antonio, TX).
Fifty μL by volume of gill and intestinal tissues were removed from the same fish used in the
expression analysis. The samples were boiled for 5 min in 1% acetic acid and immediately
stored on wet ice. The samples were stored long term at -80°C until protein extraction was
performed. Extraction of each sample was done by homogenizing the tissues for 30 s on ice
with a Polytron PT1200 tissue homogenizer (Kinematica, Inc.) and centrifuged at 12,000 x g for
15 min at 4°C. The supernatant was removed and stored at -80°C until the assay was performed.
Samples for sandwich ELISA analysis were performed in duplicate. Piscidin 4 concentrations
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were calculated by comparing absorbance at A260 to a standard curve generated using pure
synthetic piscidin 4. High and low expressing pooled tissue extracts were used as controls.

Microbroth dilution assay
The minimum inhibitory concentrations (MIC) and minimum bactericidal
concentrations (MBC) were determined as previously described (Noga et al. 2009,
Silphaduang and Noga 2001) following standard methods recommended by the National
Committee of Laboratory Safety and Standards for MIC90 and MBC determinations of
clinical isolates with some modifications. Overnight bacterial cultures were diluted to 8088% transmittance in their appropriate medium. This was then diluted again to 1:200 and 100
μL was pipetted into each of 3 wells in 11 columns of a 96-well plate (Corning, Inc.,
Tewksbury, MA), the 12th column loaded with media without bacteria as a sterility control
and blank.
The piscidin peptides were prepared by diluting the 4 mg/mL stocks to 2 mg/mL in
0.2% Bovine Serum Albumin (BSA) + 0.01% Acetic Acid. These were then serially diluted
to a concentration of 3.9 μg/mL in the same diluent. The piscidin dilutions were added to the
first 10 columns of the 96-well plate containing bacteria, column 10 was loaded with diluent
only to act as a positive growth control. The final concentrations tested were 200 μg/mL to
0.39 μg/mL. The plates were incubated shaking at 200 rpm for 18 h, except 48 h for S. iniae,
at 25°C for fish pathogens and 37°C for human pathogens. Once visible growth was observed
in the growth controls, the plates were read at OD630 on a BioTek EL800 plate reader
(BioTek, Winooski, VT). The MIC was taken as the lowest concentration of piscidin that
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reduced growth when compared to the growth control by more than 50%. To determine the
MBC, 20 μL of the media from the wells of the three lowest piscidin concentrations that had
no visible growth of bacteria were plated onto the appropriate media plates. These were
incubated for 18 hr, except 48 h for S. iniae, at the appropriate temperature. Colonies were
counted to determine whether growth was equal to or less than 0.1% of the colony forming
units (CFUs) in the original inoculum. The MBC was defined as the lowest concentration of
piscidin that killed at least 99.9% of the CFUs in the original inoculum.
To test the synergistic effects of the piscidins, the concentration of each piscidin was
calculated based on a ratio of their expression profile in gill and intestine to their molecular
weight. Microbath dilution assays were performed as above against L. garvieae and V.
anguillarum. The MIC and MBC values of each piscidin within the mixture were determined
by multiplying the proportion of total transcripts in the mixture with the values obtained
(μM).

Antiparasitic activity assay
All experiments were performed at 25°C. The PCmin (minimum parasiticidal
concentration, the lowest concentration of cod piscidin that killed at least one T. pyriformis)
and the PC100 (100% parasiticidal concentration, the lowest concentration of cod piscidin that
killed all T. pyriformis) were determined as described previously (Ullal et al. 2008). Briefly,
the test peptides were serially diluted in 0.01% HAc/0.2% BSA at 10x their test
concentration (peptides were serially diluted from 80 mM to 1.25 mM). 10 μL of each
dilution were added to replicate wells of a flat-bottom 96-well plate (Becton Dickinson)
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containing 80 mL of endotoxin-free water. As control, 10 mL of the above diluent were
added to 80 mL of endotoxin-free water in replicate wells. Ten μL of the T. pyriformis
suspension above were added to each of the replicate wells starting with the lowest
concentration followed by observations for at least 15 min before adding the suspension to
the next highest concentration. Observations were made every 5 min for the first 30 min and
then every 15 min for the next 60 min for lysis or loss of mobility of cells on a Nikon
Diaphot inverted microscope (Nikon Instruments, USA). Observations were also made at 3 h
post addition and again at 24 h.

Statistical Analysis
All statistical analyses were performed using JMP 10 (SAS Institute, Inc., Cary, NC).
Comparisons of means were made using Tukey-Kramer HSD tests. Significance was set at a
P value of 0.05.

RESULTS

Piscidin 3
The sequences obtained from the piscidin 3 RACE-PCR products were aligned and
together formed a contiguous 441 bp sequence (Fig. 2) coding for 5’ and 3’ UTR regions and
a conserved putative 22 amino acid (AA) signal peptide, 22 AA mature peptide, and 23 AA
prodomain (Fig. 3). The 3’ UTR included a poly(A) signal prior to the polyadenylation site.
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Piscidin 6
The sequences of piscidins 4 and 5 have already been described (Salger et al. 2011).
At the time of the previous study, a third transcript similar to piscidin 4 was observed. This
sequence coded for a transcript of 424 bp in length and was tentatively named piscidin 6
(Fig. 2). This sequence started with the start codon and encoded a conserved putative 22 AA
signal peptide, 44 AA mature peptide, and 4 AA prodomain. The deduced peptide shared
91.4% and 77.8% identity to piscidins 4 and 5, respectively (Table 2). Although a 5’ UTR
was not observed, a complete 3’ UTR was found including the poly(A) signal.
Piscidin 6 shares the same mature peptide structure as piscidin 4. The predicted
secondary structure of the first 25 AAs of both forms a coil-helix structure while the last 19
AAs form a coil-β-sheet structure. This is different from piscidin 5 in that, although sharing a
similar predicted structure in the first 25 AAs, piscidin 5 has a helix-coil-β-sheet secondary
structure in its last 21 AAs.

Fifty-five amino acid peptides
RT-PCR using degenerate primers designed against the rockfish, Sebastes caurinus,
EST sequence and HSB gDNA as template returned a fragment including 33 bp, the first 12
bp separated by an putative intron from the second 21 bp, coding for an 11 AA product
corresponding to AAs 14-24 of the purified peptide. The RACE-PCR sequences were aligned
and two similar sequences of 481 and 432 bp were found (Fig. 2). The amplification of the
entire translated region gave us verification of these two sequences along with a third similar
to the 481 bp product. A blastp search using the derived prepropeptides as query sequences
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assigns the first 27 AAs to the Antimicrobial12 superfamily, of which pleurocidins are
representative. These deduced peptides shared the same basic pre-propeptide structure as all
other piscidins: a 22 AA conserved signal peptide, a 55 AA mature peptide, and a 5 AA
prodomain (Fig. 3). The predicted secondary structure of the mature peptides is different
from those of the other piscidins in that the N-terminal region follows a coil-β-sheet-coilhelix structure (Fig. 4). The two 481 bp products share 89% and 90.2% identity with the 432
bp product, respectively.

Assignment of Morone piscidin gene orthology
The primers specific for piscidin 3 amplified two products in HSB, 663 bp and 723 bp
in length; only the larger was observed in the SB and the smaller in the WB (Fig.5).
Following extraction, cloning, and sequencing of each of these four products, all coded for a
region of two exons separated by an intron. The exons were exact matches, but the introns
contained imperfect microsatellites. The repeats of the smaller HSB product and the WB
product were the same [(TC)4(TG)12(AGTG)3(TG)2]. Those of the larger HSB product
[(TG)45(AGTG)2(TG)3] and SB product [(TG)34(AGTG)2(TG)3] shared similar compositions
but differed in number of 5’ TG repeats (Fig. 6).
Two products were amplified in HSB and SB, but none in the WB, when using the
piscidin 4-specific primers (Fig. 5). The larger of these in both HSB and SB correspond to
piscidin 4. The smaller products appear to contain exons from piscidins 4, 5, and 6 (Fig. 7).
For piscidin 5, two products were amplified in HSB; the smaller product amplified in
WB and the larger in SB only (Fig. 5). The smaller product in HSB and WB corresponds to
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piscidin 5, whereas the larger HSB and SB product align with the smaller product found
when using the piscidin 4-specific primers (above).
The primers specific for piscidin 6 amplified two products in the HSB and one in the
WB (Fig. 5). The larger of these HSB products matched with that in the WB. The smaller
product again corresponded to the smaller product found when using the piscidin 4-specific
primers (above).
Specific primers designed to amplify the 481 bp 55 AA peptide amplified two
products from the HSB gDNA template of equal size (only one band observed in the agarose
gel) but one product from each SB and WB (Fig. 5). These products corresponded to the two
different piscidin 7-like genes found in the mRNA.
Specific primers designed to amplify the 432 bp 55 AA peptide amplified one product
in HSB and WB only, not in SB (Fig. 5). No other piscidin gene like this has ever been found
other than that matching those found in HSB and WB.

Assignment of a nomenclature scheme for HSB piscidins
Based on the size, sequence, structure, phylogeny (Figs. 8 and 9), species of
origination, tissue distributions of transcripts, and activity we are proposing a change to the
nomenclature of this family of peptides within the SB, WB, and HSB (Table 3). These
piscidins will be divided into three separate classes based on the above data, Class I
representing the 22 AA pisidins 1, 2, and 3, Class II representing the 44-46 AA piscidins 4, 5,
and 6, and Class III representing the 55 AA piscidins. These will also be divided into
originating species, the SB, M. saxatilis, and WB, M. chrysops.
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Tissue Distribution of Piscidin Transcripts
Direct sequencing of the PCR products obtained using the primers designed for RealTime qPCR analysis verified that each set amplified only the target piscidin. This along with
using TaqMan chemistry with LNA probes made us confident that each assay was specific to
measure the genes of interest.
A comparison of piscidin gene expression levels in each tissue is seen in Table 4 and
Fig. 10. There was very little expression in any tissue for Mc Piscidin IIA or for any piscidin
in the liver (Fig. 11).
The Ms Piscidin IIA peptide concentrations in the gill varied from 5 ng/mL to 2200
ng/mL with a mean ± SE of 931.6 ± 254.3 ng/mL. The intestine extracts had little to no
measurable Ms Piscidin IIA peptide at a 1:50 dilution. Even though some had some activity,
none were high enough to compare to the standard curve.

Antibacterial and antiprotozoal activity of piscidins
The activity against bacterial and protozoal pathogens was assessed using synthetic
peptides of all piscidins except Mc Piscidin IIA and Mc Piscidin IIIA. The activities against
all bacterial pathogens were similar between Ms Piscidin IA and Mc Piscidin IA. The MICs
for Ms/Mc Piscidin IB was similar to Ms Piscidin IA and Mc Piscidin IA except for L.
garvieae, which was lower for piscidin 3 while the MBCs for Ms/Mc Piscidin IB were lower
for most bacterial pathogens than Ms Piscidin IA and Mc Piscidin IA. Ms Piscidin IIA and
Mc Piscidin IIB had similar activity against all bacterial strains tested, the MBCs being lower
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than those of Ms Piscidin IA and Mc Piscidin IA. Ms/Mc Piscidin IIIA and Ms Piscidin IIIB
had little to no antibacterial activity against any strains tested. None of the piscidins tested
had activity against the A. hydrophila type strain used in these assays (Table 5).
To test the synergistic effects of the piscidins against L. garvieae and V. anguillarum,
we calculated each piscidin concentration as a ratio of their gene expression in gill and
intestine. Overall the synergistic effects of the piscidins together increased the activity of
each individual piscidin added to the mixture (Table 6).
Ms Piscidin IIA, Mc Piscidin IIB, Ms/Mc Piscidin IIIA, and Ms Piscidin IIIB had
higher antiprotozoal activity than Ms Piscidin IA and Mc Piscidin IA. The PC100 for Ms
Piscidin IIA, Mc Piscidin IIB, Ms/Mc Piscidin IIIA, and Ms Piscidin IIIB were similar
whereas Ms/Mc Piscidin IIIA and Ms Piscidin IIIB and 8 had higher minimum activity than
Ms Piscidin IIA and Mc Piscidin IIB (Table 7).

DISCUSSION

These results represent a significant expansion to our knowledge of a family of
antimicrobial peptides, piscidins, the first four originally purified from the HSB (Noga et al.
2009; Silphaduang and Noga 2001). Not only have we further characterized these piscidins
but we have found evidence that this family is larger than previously known. We have
described novel classes of piscidins in these species, the 55 AA or Class III piscidins. Based
on structural, expression, and activity analysis we have concluded that these piscidins may
have different functions than the other two classes.
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At least 10 piscidins have been identified in the HSB. The HSB is a product of the
hybridization between two closely related species, the brackish and salt water striped bass
and the freshwater white bass. The hybrid is normally cultured because it is more tolerant to
a much wider range of salinities than either of the parent species, it has a lower food
conversion ratio, and it has better stress and disease resistance (Garber and Sullivan 2006).
This is typically known as hybrid vigor and has been widely studied (Bruce 1910, Crow
1948, Garber and Sullivan 2006). We hypothesized that the advantage hybrid vigor brings to
the HSB in the way of disease resistance is at least partially due to the fact that the HSB gets
an array of piscidins from each parent. It has already been reported that the hybrid gets one
Class IA piscidin from each parent (Lauth et al. 2002). Here we have shown that this does
occur and the other piscidins found to date follow this same scheme. Each of the parent
species contributes at least five piscidins to the hybrid. As shown, the Class IB piscidin is
found in the genome of both parent species but with the inclusion of a microsatellite in one
intron. The hybrid’s genome includes both versions of this peptide. It is unknown at this time
whether both are transcribed equally and lead to an increased level of the resulting peptide. In
the striped bass we have found that the length of this microsatellite varies. This microsatellite
could potentially be used as a marker for selective breeding purposes in the aquaculture
industry. It would be interesting to determine whether one of these introns confers a greater
resistance to disease than the other (Fedorova and Fedorov 2003). At this time it is unknown
whether this confers better activity against pathogen but it could be an important marker in
the selective breeding of these fish.
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Again, each parent species of the HSB contribute at least five piscidins to the hybrid.
We have preliminarily used what we have learned in this study to break these into three
classes based on size, structural characteristics, and function. These piscidins in the parents
appear to be orthologous to each other sharing similar function but the hybrid gains both
alleles. For example, the Class IIA piscidins are very similar in sequence and structure but
have different expression profiles. This is also seen in the Class IA piscidins that also share
similar antibacterial activities.
Although traditionally thought to be ubiquitous antimicrobials, this study has shown
that piscidins may be specialized in their functions. The Class I piscidins are potent
antibacterial agents but have weaker antiprotozoal activities than the larger piscidins in Class
III (Tables 5 and 7). In contrast, Class III piscidins have limited to no antibacterial activity
but potent antiprotozoal activity. The Class II piscidins have an intermediate range of
antibacterial and antiprotozoal activities. To summarize, it appears that if the piscidin has
greater antibacterial activity, it has lower antiprotozoal activity. If the piscidin has lower
antibacterial activity, it has a greater antiprotozoal activity. This specialization of function
could potentially be used to our advantage. At this point it is unclear what the cause of this
specialization, whether it is surface charge of the peptide to the pathogens membrane or
binding via motifs of the piscidins structure. For example, the predicted pI of the Class I
piscidins ranges from 11.17 to 12.30, and for the Class II piscidins ranges from 11.23 to
11.84, whereas the Class III peptides have a pI that ranges from 9.82 to 10.09. The smaller
two classes are highly cationic in nature, but while still cationic, the larger class’ peptides are
less cationic than the other two classes. The cell walls of bacteria are made up of highly
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anionic polysaccharides among other molecules such as lipoteichoic acid (Kim et al. 2010,
Koebnik et al. 2000). The cell membranes and walls of protozoan and fungal pathogens are
also anionic while normal host cells are typically cationic nature (Goldenberg and Steinberg
2010). The surface charges of the membranes versus the charges of the antimicrobial
peptides have been shown as one reason for the selectivity of this type of peptide to attack
pathogens rather than normal host cells.
The main difference between the peptides of both Class IIA and Class IIB piscidins is
in the C-terminal regions. The N-terminals of all three form an α-helical secondary structure,
whereas the C-terminal of the Mc Piscidin IIB peptide has a region of β-sheet. This region is
similar to carbohydrate and lipopolysaccharide binding motifs, which are also known to have
a function in innate immunity (Baumann et al. 1991, Larrick et al. 1995). The Ms Piscidin
IIA and Mc Piscidin IIB peptides have similar antibacterial and antiprotozoal profiles
indicating that the active region of the peptide is the α-helical N-terminal. The difference in
the C-terminal structure may be due to the tissue in which they are located and may be the
result of the difference in bacterial flora between the gill and intestine of the fish.
Three Class II piscidins were found in the HSB, two being apparent orthologues of
each other. These have been renamed the piscidin IIA peptides, one from the SB, the other
from the WB. The piscidin IIB peptide is only found in the WB. In analyzing the data from
the genomic DNA searches, we found a partial gene sequence in the SB with portions of
three exons and two introns. The first exon aligns with the first exon of the Ms Piscidin IIA,
the second exon aligns with the Mc Piscidin IIA, and the third exon aligns with the Mc
Piscidin IIB (Fig. 10). A peptide representative of this was never cloned from the mRNA
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library of gill or intestine in the HSB. This gene appears to be a potential pseudogene in the
SB genome. Further work to determine whether this gene is a pseudogene will be necessary,
but all available data to date leads us to believe it is a pseudogene. The fact that the SB does
not have a Class IIB-like gene that is expressed and translated is interesting in that the SB is
mainly an estuarine and saltwater fish but the WB is a freshwater fish. Why the SB got rid of
this class of piscidin is unknown, but could be a function of osmoregulation and/or the
pathogens associated between the two environments.
As seen above, the WB has both Class II piscidins, whereas the SB only has the Class
IIA piscidin. Expression analysis has shown that the Class IIA piscidin transcripts are
expressed mainly in the gills but very low in the foregut region of the intestine. The protein
measurements follow this for Ms Piscidin IIA, the mean concentration was high in the gill
but undetectable against the standard curve in the intestinal extracts. The Mc Piscidin IIB
transcripts were expressed in the intestine only and not any of the other tissues sampled. This
shows that within this class of piscidin there is a definite tissue specific profile and that they
may have a separate function or recognition based on their structure.
The Class III piscidins are also expressed differentially in the tissues sampled and not
all are found in both HSB parental species. Both species have a gene encoding the Class IIIA
piscidin but only the SB has a gene encoding the Class IIIB piscidin. The Class IIIA piscidin
is expressed equally in the gill and intestine while the Class IIIB piscidin is expressed mainly
in the intestine. Although very rarely was there a band observed following gel electrophoresis
using the primers specific for the Class IIIB peptide and WB genomic DNA as template, we
were never able to see it for cloning and verification. It could be that the template the primers

81

were binding to did not have a very good match and only sat down under specific conditions
that were beyond our control. Here again, like the Class IIB peptides, we only cloned one
Class IIIB peptide in the HSB. If there is a gene similar to this one in the WB, it could be a
potential pseudogene, one that was proven not necessary to the WB and thus eliminated from
production. This class of peptides has very little to no antibacterial activity but have potent
antiprotozoal activity. Piscidins and peptides similar to them have been described as having
ubiquitous antimicrobial functions. This is not the case with the Class III piscidins. From the
assays performed we can consider this class as being antiprotozoal peptides. Further assays
will have to be performed to describe their activity against viral and fungal pathogens and
other non-self cells and organisms, but we have shown that piscidins being general
antimicrobial peptides is not supported.
The origins of diversity in the piscidin family are currently not understood, but
knowledge of evolutionary events and of gene diversification of other immune factors can
lead us to hypothesize about the events that may have led to this great diversity. One of these
involves the co-evolution based on a predator/prey or in our case host/pathogen interaction,
known as a co-evolutionary arms race or The Red Queen Hypothesis (Dawkins & Krebs
1979, Clay and Kover 1996). This hypothesis states that through sexual reproduction a
pathogen will evolve a mode of resistance to a host’s immune system. The host’s genome
will in turn change to counteract and circumvent the pathogen’s resistance, followed by the
pathogen again gaining resistance to the host’s new function, and so forth. We believe that
this may be the driving force behind the diversity of the piscidins in the SB and WB and their
derived functions. Fish live in intimate contact with their environment allowing for direct
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transmission of pathogens from the environment. Most pathogens have a small genome and
short generation time allowing for a much quicker evolution of resistance to the host’s
evolution of its immune system (Roth et al. 2012). The strain of A. hydrophila used in our
studies to determine the bacteriostatic and bactericidal concentrations of the piscidins was
resistant at all concentrations tested. Virulent strains of A. salmonicida and A. hydrophila
have been found with a protein known as S-layer (or A-layer) tethered to the cell by
lipopolysaccharide (LPS) (Jimenez et al. 2009; Munn et al. 1982). This protein appears to
cover the majority of the bacteria (Dooley et al. 1989). These S-layer proteins have a netpositive charge versus the net-negative charge of LPS. Piscidins being cationic in nature
normally interact with the negative charges of LPS, but in these strains of bacteria, the LPS
layer is covered and is conferred a net-positive charge thus repelling the cationic piscidins.
Over time, the SB and WB may evolve mechanisms to counteract these bacteria, but at the
present, it appears that none of the peptides tested had any effect.
Genetic diversification in the piscidin family could be due to gene duplication events
known to have occurred during teleost evolution. Genome duplication events are thought to
be major players in the evolution of a species (Ohno 1970). Whole-genome duplication
events have occurred in fishes, a major event thought to have given rise to the teleost lineage
about 350 Mya (Ravi and Venkatesh 2008; Venkatesh 2003). Other smaller events may have
also occurred within the teleost lineage. In our study, we have found what could be products
of such duplication events and may have led to the diversity of piscidins within each class.
Within each of these classes we have found what appear to be A and B peptides, some of
which may have become pseudogenes, as has been discussed previously. These events may
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have led to the subfunctionalization of these genes, as seen between the difference in tissue
expression of the IIA and IIB peptides and function of the IA and IB peptides. It also appears
that most of the piscidin genes were present in the common ancestor of the SB and WB. This
is evident in orthologous Class IA, IIA, and IIIA genes. These orthologues share a high
identity to each other and, although slight divergence in sequence has been found, there
appears to be no clear distinction in tissue distribution or function. Without a complete
sequenced genome in one of these species, we will not know the exact nature of these genes
and their locations in the genome to be able to conclusively say these are orthologues of each
other, but the evidence we do have supports this hypothesis. Also, without a sequenced
genome, we will not know whether we have found all representatives of the piscidin family
in these fish.
In order to determine the activity of piscidins against protozoans we used the ciliated
protist, Tetrahymena pyriformes, as a model species because of the ease of obtaining and
culturing them and they have commonly been used for this purpose. The morphology of this
species includes a pellicle supporting the cilia and plasma membrane and is common in other
ciliate protozoans. Being a freshwater protozoan, this species has a contractile vacuole that
aids in regulating the cell volume and osmoregulation (Sauvant et al. 1999).
The mechanism of action of most cationic antimicrobial peptides is generally thought
to occur by interacting with the anionic surface components of non-self cells and pathogens.
This was obvious when performing the antiprotozoal activity assays. At low concentrations
of piscidin peptides, the contractile vacuole of T. pyriformis is constantly expanding and
contracting to maintain its internal cell volume. This occurs at a much faster rate than the
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control protozoans in water without the addition of piscidins. At higher piscidin
concentrations damage to the pellicle is observed along with the formation of demarcation
vesicles, a process known as blebbing. This has been seen in Paramecium when exposed to
detergents. It is thought that the detergents disrupt microfilaments that are stabilized by
microtubules and cause the plasma membrane to form demarcation vesicles (Dryl and Mehr
1976). The plasma membrane begins to break down at even higher concentrations of
peptides. When this occurs the protozoans stop moving in the media followed shortly after by
leakage of internal cellular components from the region of disruption of the membrane. At
the highest concentrations, this occurs almost immediately upon placing the protozoans in the
media with the piscidins and results in the complete dissolution of the pellicle and
membrane. The actual model of action of these piscidins is unknown but these studies do
support their role in membrane disruption.
In this study, we have greatly expanded our knowledge of a family of AMPs,
piscidins, found in the HSB. We have expanded the number of piscidins in this fish to ten,
five more than had been previously published, and divided them into three classes based on
peptide length and phylogenetic analysis. We have also determined the parental contribution
of each piscidin in the hybrid and devised a provisional naming scheme in the HSB. Piscidin
transcripts are differentially expressed in the tissues and each class of synthetic peptides
varied in activity against common bacterial pathogens and a protozoan, suggesting specific
activities of each piscidin class. Future work will be necessary to determine whether this is
the case and if the reasons for this specificity are structural or physiological in nature.
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Knowledge of piscidin function and activity may help in the future development of disease
resistant HSB for use in the aquaculture industry.
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Figure 1. Schematic representation of the structure of all piscidin and piscidin-like peptides
to date.
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Figure 2. Nucleotide sequences for all HSB piscidins found to date. The predicted 22 amino
acid signal peptide, shown by the gray shading, was similar in all piscidins. The prodomains
are boxed. Both the 5’ and 3’ untranslated regions are shown in italics. The polyadenylation
signals are bolded.
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Figure 3. Predicted amino acid sequences for all HSB piscidins found to date. The predicted
22 amino acid signal peptide, shown by the gray shading, was similar in all piscidins. The
prodomains are boxed. The consensus sequence is shown below the alignment.
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Figure 4. The predicted secondary structure of the mature peptides for the Class III piscidins.
The secondary structure is different from those of the other piscidins in that the N-terminal
region follows a coil-β-sheet-coil-helix structure. c = coil, h = helix, e = sheet
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Figure 5. Agarose gel electrophoresis using gDNA from SB, WB, and HSB as template
along with piscidin gene specific primers. Bands in each of the parent species can be
compared with those of the HSB.
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Figure 6. Alignment of Ms/Mc Piscidin IB partial gene sequences. Two products were
identified using HSB gDNA as template along with primers specific for this gene. The larger,
723 bp, aligned with the sequence from SB while the smaller, 663 bp, aligned with the
sequence from WB. The gray shaded boxes designate partial exon regions; the unshaded
region is an intron. The repeats of the smaller HSB product and the WB product were the
same [(TC)4(TG)12(AGTG)3(TG)2]. Those of the larger HSB product [(TG)45(AGTG)2(TG)3]
and SB product [(TG)34(AGTG)2(TG)3] shared similar compositions but differed in number
of 5’ TG repeats (boxed regions).
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Figure 7. Alignement of the Class II piscidin and putative pseudogene deduced peptides. The
putative pseudogene appears to contain parts from the Ms Piscidin IIA exon 1, the Mc
Piscidin IIA exon 2, and the Mc Piscidin IIB exon 3. The pseudogene was only found in the
SB and HSB gDNA. (* = identical AAs; : = conserved AAs)
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Figure 8. Phylogenetic analysis based on multiple alignments of piscidin gene coding
sequences. The piscidins are grouped into three classes. Alignments were rooted to
Larimichthys crocea hepcidin (GenBank accession EU443735) and Monopterus albus
hepcidin (GenBank accession GU997139) peptides. Open gap penalty = 10.0; extended gap
penalty = 0.2; delay divergent = 30%.
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Figure 9. Phylogenetic analysis based on multiple alignments of piscidin gene coding
sequences. The piscidins are grouped into three classes. Alignments were rooted to
Larimichthys crocea hepcidin (GenBank accession ACB98724) and Monopterus albus
hepcidin (GenBank accession ADK79123) peptides. Open gap penalty = 10.0; extended gap
penalty = 0.2; delay divergent = 30%; gap distance = 4; similarity matrix = gonnet.
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Figure 10. Constitutive tissue expression of each piscidin gene transcript in the gill, anterior intestine, liver, spleen, and
kidney. Bars indicate mean copy number per ng Total RNA ± SE. The letters above each bar denote statistical differences
between the piscidins within each tissue (Tukey’s HSD; P = 0.05).
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Figure 11. Constitutive tissue expression of each piscidin gene transcript in liver. Gene
expression was low in the liver when compared to the other tissues studied. Bars indicate
mean copy number per ng Total RNA ± SE. The letters above each bar denote statistical
differences between the piscidins within each tissue (Tukey’s HSD; P = 0.05).
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Table 1. Primers and TaqMan probes used in this study.
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Table 2. Similarity and identity scores based on the deduced peptides of all currently known HSB piscidins.
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Table 3. Preliminary nomenclature for the piscidins found in the HSB.
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Table 4. Piscidin gene tissue expression.
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Table 5. Piscidin minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) against
different species of pathogenic bacteria.
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Table 6. Synergistic piscidin minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC)
against different species of pathogenic bacteria.
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Table 7. Piscidin minimum parasiticidal concentrations(PCmin) and 100% parasiticidal concentrations (PC100)against the
ciliated protozoan, Tetrahymena pyriformes.
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Chapter IV

EFFECTS OF CHRONIC CROWDING STRESS ON HYBRID STRIPED BASS
(Morone chrysops x M. saxatilis)
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ABSTRACT

Increasing stocking densities to maximize profits in the aquaculture industry often leads to
crop mortality due to stress. The mechanism as to how stress affects the immune system of
fish grown in culture is not very well understood. One component of the innate immune
system is the antimicrobial peptides (AMPs). These are usually small amphipathic, α-helical
peptides with a broad-spectrum of action against viral, bacterial, fungal, and protozoan
pathogens. A family of AMPs have been found in the hybrid striped bass (HSB; white bass,
Morone chrysops, x striped bass, M. saxatilis), named piscidins. HSB were held at either low
density (5.9 g fish/L water) or high density (21 g fish/L water) for 7 days. Piscidin gene
expression and protein concentration were measured from each treatment. Gene expression
decreased for the majority of piscidins in the fish held in the high density tanks versus those
held in the low density tanks. Ms Piscidin IIA protein concentrations decreased, similar to the
gene expression for this piscidin. High levels of individual variation were seen between
individual fish sampled in each treatment. Knowledge of the effects of chronic stress on the
piscidins may lead to better methods of controlling infection due to disease.

INTRODUCTION

Aquaculturists try to maximize stocking densities in order to maximize profits while
decreasing costs and space requirements. The increase in stocking densities is the basis for
any intensive culture design that by definition allows the farmer to increase the amount of
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fish they can produce in a given amount of space. European sea bass (Dicentrachus labrax)
are typically stocked at a density of 30-35 g fish/L water in commercial farms (Di Marco et
al. 2008). By maintaining high levels of dissolved oxygen and filtration of the water in their
high-volume recirculating systems, Kent SeaTech, Inc. of San Diego, CA has been able to
hold striped bass (Morone saxatilis) at densities of up to 85 g fish/ L water. Intensive culture
can lead to a “stress” response in the fish and eventually to problems in growth, reproduction,
and health (Wedemeyer 1996). The fish responds to the stressful situation both
physiologically and behaviorally in order to maintain homeostasis under potentially harmful
circumstances. Because of the decrease in immune function and disease resistance, feed
conversion, and growth, the discovery of a reliable biomarker is necessary. The properties of
a superior biomarker would be one that is not heavily affected by acute stresses, such as
netting and grading, would reliably determine the stress status of the fish, and would be easy
and relatively inexpensive to measure. Traditional methods of measurement of stress, such as
measuring cortisol or glucose levels, may fall into one of the above categories but fall far
short in the others (Noga et al 2011).
Many aquaculture practices contribute to increased levels of stress on cultured
species. These range from overcrowding and handling to suboptimal water quality
parameters and pollutants. Overcrowding is a main factor leading to stress, because the fish
are held at higher densities than they would normally experience in the wild. Stress can lead
to impairment of normal immune functions allowing pathogens the opportunity to infect and
proliferate (Wendelaar Bonga 1997, Whyte 2007).
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As a first line of defense, the mucosal epithelial barriers, such as the skin and
digestive tissue, are important in protecting the fish from pathogens. Components of the
innate immune system are produced and released at these barriers in response to this invasion
to fight possible infections. One component of innate immunity is the antimicrobial peptides
(AMPs). AMPs have a broad spectrum of activity against microorganisms such as bacteria,
fungi, parasites, and viruses (Diamond, et al. 2009; Pálffy, et al. 2009; Bulet, et al. 2004).
They have been identified in virtually all groups of organisms, from bacteria to eukaryotic
plants and animals. Their ubiquity and potent activity suggest that they are critical to immune
health.
A member of the Moronidae family of fishes, the hybrid striped bass (HSB; white
bass, M. crysops, x striped bass, M. saxatilis) is an important aquacultured finfish species in
the United States with a production volume of 5,192 tons and a value of $30.4 million in
2003 (Olin 2006). We have identified a family of AMPs in the hybrid striped bass named
piscidins. These are amphipathic, mostly α-helical peptides between 22 and 55 amino acids
in length. They have been found to have potent antibacterial and antiprotozoal activities with
the smaller of this family having activity against both bacteria and ciliated protozoans and the
larger with activity mainly against ciliated protozoans.
The nature of how stress affects AMPs, and thus piscidins, as a component of the
immune system of fish is not well understood. Most studies use an acute stressor (minutes to
hours) to study their effects on the immune system. More recently, studies have shown that
chronic stress, such as those seen following general aquaculture procedures, do indeed cause
a decrease in AMP levels. Histone-like protein-1 levels in the channel catfish (Ictalurus
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punctatus) declined following three to four weeks of overcrowding (Robinette and Noga
2001). By gaining a better understanding of these peptides, their ontogeny, and how they are
affected by stress we may be able to reduce the amount of disease related mortalities in
aquaculture settings. This understanding could also lead to the development of biomarkers
for determining unfavorable levels of stress in the farm setting and to the application of better
farm management practices.

MATERIALS AND METHODS

Experimental Animals
Hybrid striped bass (35-100 g body weight) provided by Castle Hayne Fisheries, Inc.,
Aurora, NC, were held at the Don E. Ellis Building at North Carolina State University,
Raleigh, NC between 14°C and 23°C for at least 12 mo in 1203 L round tanks fitted with a
Triton sand filter (Pentair Aquatic Systems, Sanford, NC) and custom swirl separator and
bioreactor. The fish were fed a commercial diet (5 mm Finfish Gold pellets, Zeigler Bros.,
Inc., Gardners, PA). Water temperature was monitored daily with ammonia, nitrite, pH, and
salinity levels checked biweekly. Water exchanges were performed once daily.

Stress Challenge
Ten HSB (60 g mean body weight) held in the 1203 L round tanks (30” radius, 26”
depth; density = 5.9 g fish/L water) were sampled for low density, baseline piscidin
expression and peptide levels. The fish were gently netted from the tanks one at a time to
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minimize the acute netting stress. They were euthanized in buffered 200 mg/L MS-222 and
400 mg/L sodium bicarbonate and skin scrapes and gill, anterior intestine, liver, spleen, and
head kidney were dissected and placed in either RNAlater (Qiagen, Inc., Valencia, CA) for
expression or 1% acetic acid for protein analysis.
Following the sampling for baseline levels, 45 HSB were moved to an insulated
Living Stream rectangular tank fitted with dividers (22” W x 16” L x 15” D; 86.5 L; density
21 g fish/L water) on the same filtration system as the low density tank. The fish were held
for 7 days prior to sampling of 10 fish as was done for the baseline values.

Radial Diffusion Assay
To test the general antibiotic activity, a radial diffusion assay (RDA) will be run using
3 μL of the samples extracted as described previously (Noga et al. 2002). Briefly, 50 μL by
volume of gill and foregut intestine tissue was sampled and immediately boiled for 5 min in
1% acetic acid and chilled on ice (Corrales, et al 2009). All samples were stored at -80°C
until protein extraction. Extraction of each sample was done by homogenizing the tissues for 30
s on ice with a Polytron PT1200 tissue homogenizer (Kinematica, Inc., Bohemia, NY) and
centrifuged at 12,000 x g for 15 min at 4°C. The supernatant was removed and stored at -80°C
until the assay was performed. The RDA analysis was performed by growing E. coli D31 to
108 CFU/mL in overnight culture. Luria Broth (LB) agarose (1.0% pancreatic digest of
casein, 0.5% yeast extract, 1.5% NaCl, 1.5% agarose, 200 mM phosphate buffer, 100 μg/mL
streptomycin sulfate) was prepared and cooled to 49°C prior to inoculation with the bacteria.
10 mL of LB agarose was poured into 100 mm2 x 15 mm deep petri plates with a 10 mm grid
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(BD, Franklin Lakes, NJ). Wells were punched into the agarose media using a 2.5 mm OD
vacuum punch and duplicate 3 μL samples were pipetted into separate wells. The plates were
incubated overnight at 37°C. The inhibition zones were measured after 18 hrs of incubation
and antibacterial activity Units were calculated from a standard curve generated by using 2fold dilutions of Calf histone H2B.

Piscidin mRNA Expression
Piscidin mRNA expression was performed as previously described with a few
exceptions (Tipsmark et al. 2008). Briefly, Total RNA was isolated from the liver and ovary
samples using Trizol reagent (Invitrogen, Carlsbad, CA). One microgram of the Total RNA
was used to synthesize cDNA using a High Capacity cDNA Synthesis kit (Applied
Biosystems, Carlsbad, CA) following treatment with Turbo DNA-free (Ambion, Foster City,
CA). RNA was quantified and checked for quality at each step using a Nanodrop ND-1000
spectrophotometer (Thermo Scientific, Wilmington, DE) and agarose electrophoresis,
respectively. Expression of Piscidin mRNA was measured using SYBR Green chemistry for
Real-Time quantitative PCR (qPCR). Piscidin gene-specific primers (Invitrogen) and probes
(Sigma-Aldrich, Co., St. Louis, MO) were designed using Beacon Designer (PREMIER
Biosoft, Int., Palo Alto, CA; Table 1). To optimize discrimination of our targets, we used
Fluorescent LNA (Locked Nucleic Acid) probes. LNA chemistry has the advantage over
TaqMan probes by locking specific nucleic acid analogs into a rigid conformation, which
increases thermal stability and improves specificity of probe hybridization. Specificity of the
primers for each piscidin were verified by both forward and reverse direct sequencing of
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PCR products using HSB gill and intestine cDNA as template. Optimization for appropriate
annealing temperature, primer and probe concentrations, and cycling parameters was
performed using pooled cDNA from the above reverse transcription reactions. 100 ng
starting Total RNA was used for Real-Time qPCR analysis with Brilliant II QPCR Master
Mix (Agilent Technologies, Inc., Clara, CA) containing 3 μM gene-specific primers and 2.5
μM probe. No template controls and no reverse transcription controls were incorporated into
each assay. Sequencing verified bacterial clones were used to produce the plasmid DNA used
for creating the standard curves. All Real-Time qRT-PCR assays were run on a 7300 Real
Time PCR System (Applied Biosystems). Cycling conditions were as follows: 1 cycle, 50°C
for 2 min; 1 cycle, 95°C for 10 min; 40 cycles, 95°C for 15 s, 60°C for 1 min. Data was
normalized to the starting Total RNA concentration. Pooled Total RNA samples on each
plate were used to normalize the data between plates. Quantification of gene expression
(piscidin gene copy number/ng Total RNA) was carried out by dividing the anti-log of the
predicted gene copy number (predicted by comparing the mean cycle threshold (Ct) to the
serially diluted plasmid DNA standard curve) by the normalized Total RNA concentrations
used in the qPCR reactions. Agarose gel electrophoresis was performed to assess primer
specificity.

Ms Piscidin IIA Enzyme Linked Immunosorbent Assay (ELISA)
The ELISA for Ms Piscidin IIA was performed as previously reported (Corrales et al.
2009). This assay was done using the services of a commercial laboratory (ABI, San Antonio,
TX). 50 μL by volume of gill and foregut intestine tissues were removed from the same fish
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used in the expression analysis. The samples were boiled for 5 min in 1% Acetic Acid and
immediately stored on wet ice. The samples were stored long term at -80°C until protein
extraction was performed. Extraction of each sample was done by homogenizing the tissues for
30 s on ice with a Polytron PT1200 tissue homogenizer (Kinematica, Inc.) and centrifuged at
12,000 x g for 15 min at 4°C. The supernatant was removed and stored at -80°C until the assay
was performed. Samples for sandwich ELISA analysis were performed in duplicate. Piscidin
4 concentrations were calculated by comparing absorbance at A260 to a standard curve
generated using pure synthetic piscidin 4. High and low expressing pooled tissue extracts
were used as controls.

Statistical Analysis
All statistical analyses were performed using JMP 10 (SAS Institute, Inc., Cary, NC).
Comparisons of Means were made using Tukey-Kramer HSD tests. Significance was set at a
P value of 0.05.

RESULTS

Stress challenge
Following 7 days of being held at 21 g fish/L water the fish showed classical signs of
stress in respect to their counterparts held at 5.9 g fish/L water. The fish held at the higher
density had darker pigmentation, visible petechiation, damaged fins, and a decrease in
mucous on the body surfaces and had decreased appetite compared to the fish held at the
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lower density. The radial diffusion assay of gill tissue extracts also showed a significant
decrease in antibacterial activity (ABA) against E. coli D31 following the crowding (P <
0.0001). The ABA (mean ± SE) for the fish held at low density was 11.14 ± 1.71 U and for
the fish held at high density was 3.33 ± 0.54 U (Fig. 1).
All remaining fish were moved back to the low density tank immediately following
sampling. There were no mortalities before, during, or after the stress challenge and the fish
began feeding normally within 24 hr after being moved.

Piscidin expression and protein levels
In the gill, all piscidin expression decreased except for Mc Piscidin IA and Mc
Piscidin IIA. Only the Mc Piscidin IA had a significant change in expression following the
stress challenge (low density, 362.73 ± 69.04 copies/ng Total RNA; high density, 737.55 ±
127.24 copies/ng Total RNA; P = 0.0185. In the intestine, all piscidin expression decreased
except for Mc Piscidin IA, Ms Piscidin IIA, and Mc Piscidin IIA. There was a significant
change in expression for Ms/Mc Piscidin IB (low density, 20272.4 ± 3239.8 copies/ng Total
RNA; high density, 11560.1 ± 2526.5 copies/ng Total RNA; P = 0.0481), Mc Piscidin IIA
(low density, 3.1 ± 0.4 copies/ng Total RNA; high density, 5.3 ± 0.8 copies/ng Total RNA; P
= 0.0227), and Mc Piscidin IIB (low density, 1767.3 ± 311.5 copies/ng Total RNA; high
density, 874.3 ± 219.5 copies/ng Total RNA; P = 0.0308) (Fig. 2).
Protein extracts had to be diluted at greater than 1:20 for suitable recovery for
quantitation of Ms Piscidin IIA by ELISA. The dilution curves of the extracts were parallel
with each other, but not with the piscidin peptide (Fig. 3), which was very steep using the
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high avidity antibodies used in this assay. This non-parallelism occurs as a function of the
extract analyte being seen by the sandwich antibodies as a partially different set of epitopes
versus the peptide – maybe a truncated form, isoforms, or even peptides that may have been
folded differently. As such, a dilution curve was constructed by splicing the various results of
the gill samples. This curve was value-assigned from the piscidin peptide curve (i.e., 2ng/ml
is common for both) and samples were read from the extract curve. Gill samples had good
levels at 1:50 or greater dilution while the intestine extracts had little to no measurable
piscidin at 1:50; a few showed a hint of activity, but not high enough signal to read from the
curve. Ms Piscidin IIA protein levels in the gill decreased significantly in the fish held at
high density versus those held at low density (low density, 931.6 ± 254.2 ng/mL; high
density, 110.7 ± 38.8 ng/mL; P = 0.0051; Fig. 4).

DISCUSSION

We have shown that a long-term (7 day) crowding stress does not decrease the
expression of all piscidin genes in the gill and intestine studied. Although it was assumed that
the piscidin expression would decrease following exposure to the crowding stressor we did
not see this uniformly. The majority of piscidin expression did decrease, but in the case of
Mc Piscidin IA and Mc Piscidin IIA in the gill and Mc Piscidin IA, Ms Piscidin IIA, and Mc
Piscidin IIA in the intestine the expression levels increased. This increase could indicate that
some other form of regulation occurs with these piscidins. Having the ability to increase the
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expression of some genes would be an advantage to the fish as levels drop in others. This
advantage could allow the fish to tolerate infection (especially in the gills) without mortality.
The stress response is usually seen as a fight or flight response. Different mechanisms
have been proposed for the decrease in AMP levels due to stressful situations. It is known
that chronic stress leading to a release of corticosteroids is a modulator of the AMP response.
Psychological stress increases corticotrophin-releasing hormone (CRH), adrenocorticotropic
hormone (ACTH), and glucocorticoid levels via the hypothalamic-pituitary-adrenal (HPA)
axis in mouse stress models (Aberg et al. 2007, Arck et al. 2006). Topical treatment with
glucocorticoid to the frog (Rana esculenta) inhibited transcription of AMPs (Simmaco et al.,
1997). Cortisol levels increased faster and reached higher values in SB than in a white perch
(M. americana) hybrid. A correlation was found between high cortisol levels and decreased
survival, but it was unclear whether the increase in cortisol levels led to the increased
mortality in the SB (Noga et al. 1994). It is currently not known if this is the case with the
decrease in expression and protein levels of all piscidins. We have shown that both Ms
Piscidin IIA transcript and protein levels are downregulated following crowding stress in
HSB. A difference in downregulation due to psychological stress has been shown in the
mouse cathelicidin CRAMP and mouse β-defensin mBD3. It has been shown that CRAMP
mRNA and protein levels are downregulated due to psychological stress but only protein
levels were downregulated for mBD3 (Aberg et al. 2007). This shows that AMPs can be
regulated at different levels and that in the piscidins, regulation could occur at either the
mRNA or protein level or both. (Aberg et al. 2007, Arck et al. 2006, Martin-Ezquerra et al.
2011, Radek et al. 2010)
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The piscidins appear to be constitutively expressed as there was expression in the fish
held at low densities. This expression may be due in part to stockpiling of piscidins, whether
the message or the protein itself, stored in granules of granulocytes prepared for
degranulation following infection or injury. The message could be stockpiled or the protein
stored within these cells to decrease the time needed following infections. The decrease in
both the expression and protein concentration of Ms Piscidin IIA following the crowding
challenge indicate that both mRNA and protein levels are being downregulated. It could also
indicate that after the initial degranulation of the stored peptide, expression is downregulated
and thus less of the peptide is being translated. During an acute stress, the levels of piscidins
may initially increase at the epithelial surfaces due to this degranulation. But when
chronically stressed, increased glucocorticoid levels may lead to decreased expression and
less piscidin peptide being made.
The interindividual variation in antibacterial activity, piscidin expression, and protein
concentration between many samples in the assays performed was large. This is not unusual
with AMPs as it has been shown that there is a substantial individual variation in human βdefensin-1 in the urine of humans (Valore et al. 1998). Also, DNA copy number variations
have been seen in the genes encoding β-defensin and is correlated to the amount of mRNA in
the individuals (Hollox et al. 2003). Variation of piscidin transcript and protein levels could
lead to differences in susceptibility to infection and thus the piscidins may make ideal targets
for marker based selection in the aquaculture industry. Cortisol and glucose, two common
markers for stress, in themselves are not good markers for stress in fish because of their
highly reactive nature following normal capture practices in culture situations (reviewed in
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Noga et al., 2011). By taking advantage of the fact that piscidins are constitutively expressed
and that they are downregulated following chronic stress they may make reliable biomarkers
for selective breeding or as a determinant of chronic stress. If this were to be the case and it
was found that piscidin levels were heritable, assays could be developed to measure the
expression or protein concentrations. Future studies will have to be performed in order to
determine whether this trait was heritable and whether breeding for individual piscidin
expression would lead to an enhancement in disease resistance in the resulting offspring.
It would be interesting to see if the effects of an acute stressor such as netting the fish
have a similar effect on piscidin expression as does a chronic stressor. To elicit a stress
response, fish are held in a net for a short period of time usually less than 1 hr in length. Sink
et al. (2008) held fish in a net in the tank used for 20 min prior to sampling for development
of an ELISA for cortisol levels. Golden shiners used in an experiment to develop a wholebody extraction method for cortisol were assumed stressed by seining and placing them in a
tank for grading after 20-24 hrs (Sink et al. 2007). It is generally recognized that an acute
stressor increases the expression and/or protein levels of AMPs (Noga et al. 2011). Whether
this is the case with the HSB piscidins is not known. We did see an increase in some of the
piscidins after 7 days of exposure indicating that the levels of these piscidins may be
returning to normal.
We have shown that there is a general decrease in antibacterial activity and gene
expression of the piscidins in HSB held at a crowded density versus HSB held at a lower
density. Although the piscidins are only one component of the immune system controlling
pathogen colonization, the decrease in piscidins may contribute to the decrease in
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antibacterial activity of the fish. The individual variation in piscidin gene expression between
individual fish was large. This would give credence to the potential for these peptides as
valuable biomarkers in the HSB industry if it is found that piscidin transcript numbers are
heritable, that breeding SB and WB with high piscidin expression results in HSB with higher
piscidin expression, and that this leads to greater disease resistance. Future work will be
necessary to determine whether the piscidins could be used as reliable biomarkers for
selective breeding in HSB aquaculture.
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Figure 1. The antibacterial activity (ABA) of gill extracts against E. coli D31. The ABA was
significantly lower in extracts from fish held at 21 g fish/L water density than fish held at 5.9
g fish/L water density. * P < 0.0001.
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Figure 2. Gill or anterior intestine tissue piscidin expression of fish held at low density (5.9 g
fish/L water) and high density (21 g fish/L water). The general trend in piscidins with the
highest expression levels was to decrease in fish held at the higher densities versus those held
at the lower densities. * P < 0.05
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Figure 3. Dilution curves used to determine Ms Piscidin IIA concetrations in hybrid striped
bass gill extracts. The dilution curves of the extracts were parallel with each other, but not
with the piscidin peptide, which was very steep using the high avidity antibodies used in this
assay. As such, a dilution curve was constructed by splicing the various results of the gill
samples. This curve was value-assigned from the piscidin peptide curve (i.e., 2ng/ml is
common for both) and samples were read from the extract curve. Squares = dilution curve
using the pure peptide, triangles = dilution curve using the tissue extracts.
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Figure 4. Ms Piscidin IIA peptide concentration in gill extracts from fish held at low density
(5.9 g fish/L water) and high density (21 g fish/L water). There was a statistical decrease in
peptide concentration in fish held at the higher density versus those held at the lower density.
* P = 0.0051
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Table 1. Primers and probes used for Real-Time qPCR analysis.
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Chapter V

LOCALIZATION OF THREE PISCIDINS IN STRIPED BASS (Morone saxatilis)
DEVELOPMENT
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ABSTRACT

Diseases due to infection are a major cause of larval mortality in the aquaculture industry.
Knowledge of the ontogeny of the immune system in fish may help to decrease these
valuable losses. The ontogeny of the innate immune system in striped bass (Morone saxatilis)
has not been extensively studied. One component of the innate immune system is the
antimicrobial peptides (AMPs). These are usually small amphipathic, α-helical peptides with
a broad-spectrum of action against viral, bacterial, fungal, and protozoan pathogens. A family
of AMPs have been found in the hybrid striped bass (HSB; white bass, Morone chrysops, x
striped bass, M. saxatilis), named piscidins. Using immunofluorescent histochemistry, we
have determined the first presence and cellular and tissue distribution of three piscidins
during the development of the striped bass. No staining was observed in fry prior to 16 days
post hatch (dph). Staining was observed in many epithelial tissues such as the gill, digestive
tissues, and skin in mainly granular cells. Staining was also seen early on in what appear to
be mononuclear and undifferentiated cells in the head and trunk kidney. The three piscidins
studied showed variable cellular and tissue staining patterns, possibly leading to differences
in tissue or pathogen specificity.

INTRODUCTION

Diseases and infections that lead to larval mortality contribute to loss of profits to the
aquaculture industry. Although infection is not the only cause of larval mortality, high
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bacterial loads in the gut have been proposed to promote this loss (Wang et al. 2008). Prior to
the development and maturation of lymphoid organs, thus immunocompetence in the fish,
embryos and larval fish are exposed to many environmental pathogens (Zapata et al. 2006).
The ability to fight bacterial infections before the adaptive immune system is developed is
important to the survival of the young fish.
Maternal transfer of immune factors is a mechanism used by many organisms to
protect the oocyte or egg and the young from infection. Several studies have shown the
transfer of maternal immunoglobulins (Ig) to the offspring during vitellogenesis in fish
(reviewed in Mulero et al. 2007b). These Igs may provide some level of protection against
pathogens to the developing embryo by binding these pathogens, conferring a higher level of
survival to the offspring (Picchietti et al. 2006, Seppola et al. 2009, Hanif et al. 2004,
Hayman et al 1993). Innate immune factors are also present in the developing oocyte and
embryos of fish. Unfertilized and developing rainbow trout (Oncorhynchus mykiss) and carp
(Cyprinus carpio) eggs were found to contain transcripts for components of the complement
system, a component of the innate immune system that plays a role in adaptive immunity
(Løvoll et al. 2006, Huttenhuis et al 2006). Transcripts for lysozyme, cathelicidin (Seppola et
al. 2009), and cod piscidins (Ruangsri et al. 2012), antimicrobial components of the innate
immune system, appear to be transferred to the eggs of Atlantic cod (Gadus morhua). These
may help to protect the developing embryo from vertically transmitted maternal bacterial
pathogens. In both studies it was found that many of these transcripts decreased in the
developing embryo and again appeared later in the larvae. This may indicate that the
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transcripts are transferred from the mother to the egg and stored. The levels decrease until the
larvae can begin to transcribe its own immune factors.
The ontogeny of the hematopoietic tissues and the immune system in fish varies
between species. In the European sea bass (Dicentrarchus labrax) the head kidney appears
10 days post hatch (dph), the spleen at 18 dph, and the thymus at 21 dph (Abelli et al. 1996,
Quesada et al. 1994) whereas in the Atlantic cod (Gadus morhua) they appear at 5 dph, 5
dph, and 28 dph, respectively (Schroder et al. 1998). Acidophilic granulocytes, the main
phagocytic cell type, were observed at 21 dph in the posterior intestine and blood, 27 dph in
the kidney, but not until 62 dph in the spleen and thymus in the gilthead seabream (Sparus
aurata) (Mulero et al. 2007a). Pre-T-cells were first seen 5-12 dph while pre-B-cells were not
seen until 52 dph but did not reach adult levels, and thus considered immunologically mature,
until 137-145 dph in the the European sea bass (dos Santos et al. 2000). Also, IgM bearing
cells were not detected until 38 dph in the head kidney of the same species (Scapigliati et al
2002).
The ontogeny of the immune system of the striped bass (Marone saxatilis) has not
been well studied. Striped bass are an important aquacultured finfish species in the United
States and selectively bred along with the white bass (M. chrysops) to create the hybrid
striped bass. One component of the innate immune system are the antimicrobial peptides
(AMPs). AMPs have a broad spectrum of activity against microorganisms such as bacteria,
fungi, parasites, and viruses (Diamond, et al. 2009; Pálffy, et al. 2009; Bulet, et al. 2004).
They have been identified in virtually all groups of organisms, from bacteria to eukaryotic
plants and animals. Their ubiquity and potent activity suggest that they are critical to immune
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health. We have identified a family of AMPs in the striped bass named the piscidins. The
piscidins are amphipathic, mostly α-helical peptides between 22 and 55 amino acids in
length. They have been found to have potent antibacterial and antiprotozoan activities
(Colorni et al. 2008, Silphaduang and Noga 2001).
Knowing when and in which cells and tissues the piscidins first appear in striped bass
development could help to decrease mortality due to disease in the culture of this species.
Here we describe, through immunohistochemical analysis, the ontogeny of three piscidins,
Ms Piscidins IA, IB, and IIA, through striped bass development. We show that these three
piscidins are not always produced and stored in the same cell types and tissues in the
different ages of the fish. This furthers our hypothesis that the piscidins may not be
ubiquitous antimicrobials but may be more specialized in function.

MATERIALS AND METHODS

Experimental Animals
Striped bass (Morone saxatilis) were spawned as part of the Striped Bass National
Breeding Program at the North Carolina State University Pamlico Aquaculture Field
Laboratory (PAFL) in Aurora, NC. Embryos were collected from MacDonald hatching jars
prior to hatching. Hatchery phase fish [sac fry; 1 hr post hatch to 9 days post hatch (dph)]
were collected from hatchery fry collecting tanks. Phase I fry (12 to 24 dph) were collected
from ponds using either a plankton tow or light trap (MT3, Aquatic Ecosystems, Apopka,
FL). Phase I fingerlings (27 to 60 dph) were collected from tanks at PAFL.
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Phase I fingerlings were collected from tanks at PAFL and transferred back to North
Carolina State University College of Veterinary Medicine. The fish were held in 113.5 L
aquaria fitted with a Triton sand filter (Pentair Aquatic Systems, Sanford, NC) and custom
bioreactor. They were fed a commercial diet (Finfish Starter Meal to 5 mm Finfish Gold
pellets, Zeigler Bros., Inc., Gardners, PA, depending on size of fish). Water temperature was
monitored daily with ammonia, nitrite, pH, and salinity levels checked biweekly. Water
exchanges were performed once daily.

Sample collection
Embryos were immediately placed into square mesh biopsy cassettes (#70073-W,
Electron Microscopy Sciences, Hatfield, PA). All fry and fingerlings were collected in
Micromesh biopsy cassettes (#70074-W, Electron Microscopy Sciences) and euthanized in
buffered 200 mg/L MS-222 (Finquel, Argent Chemical Laboratories, Inc. Redmond, WA)
and 400 mg/L sodium bicarbonate. Twelve mo post hatch fish were euthanized in buffered
200 mg/L MS-222 and 400 mg/L sodium bicarbonate and the gill, stomach, anterior intestine,
and skin was dissected and placed into a separate slotted histological cassette (#70071-W,
Electron Microscopy Sciences). All samples were fixed in 10% neutral buffered formalin
(Fisher Scientific, Inc., Waltham, MA) for 24 hr and rinsed with distilled water and stored in
70% ethanol until processing.
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Primary Antibodies
The following primary antibodies were used: 1) purified custom polyclonal antibodies
against the amino terminal of Ms Piscidin IA (peptide sequence – CFFHHIFRGIVH) at 0.6
mg/mL, 2) purified custom polyclonal antibodies against the amino terminal of Ms Piscidin
IB (peptide sequence – CHAGRSIGRFLTG) at 3.9 mg/mL, and 3) purified custom
polyclonal antibodies against full length Ms Piscidin IIA (peptide sequence –
FFRHLFRGAKAIFRGARQGWRAHKVVSRYRNRDVPETDNNQEEP) at 1.16 mg/mL
produced in rabbits.

Immunofluorescent histology
Fixed samples were processed for immunofluorescence histology following the
methods of Dungan and Roberson (1993). Samples were embedded in paraffin, sectioned to
5 μm thickness with a microtome and mounted on Superfrost Plus slides (Fisher Scientific,
Inc) at the Histology laboratory at the North Carolina State University College of Veterinary
Medicine (Raleigh, NC). Sections were either stained with hematoxalin and eosin (H&E) or
left unstained for further immunofluorescent procedures.
Immunofluorescent detection of piscidins in striped bass histological sections was
performed according to the procedures of Dungan and Roberson (1993), with some
modifications. Slides were deparaffinized in xylene and rehydrated in graded ethanol and
deionized water. After washing for 3 min in phosphate buffered saline (PBS; BP399-1,
Fisher Scientific), sections were rinsed in blocking buffer [PBS with 0.05% Tween-20
(PBST) with 2.0% bovine serum albumin, 0.02% sodium azide and 0.2% normal goat serum]
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for 1 h at room temperature followed by washing for 2 min in PBST. Slides were then
incubated in a humid chamber at room temperature with the appropriate primary antibody
[rabbit anti-FFHH, 1:5 in serum diluent (PBST with 1.0% bovine serum albumin and 0.02%
sodium azide); rabbit anti-HAGR, 1:50 in serum dilutent; or rabbit anti-5.3, 1:1000 in serum
diluent]. After 1 h, the slides were washed 3x in PBST for 2 min each. They were then
incubated again for 1 h in a humid chamber at room temperature with the fluorophore-labeled
secondary antibody (Alexa Fluor 488 goat anti-rabbit, Molecular Probes, Carlsbad, CA;
1:250 in serum diluent), followed by washing twice in PBST and once in PBS for 2 min per
wash. The sections were counterstained with Hoechst 33342 (Molecular Probes; 1:100 in
cold PBS) for 1 h in a humid chamber on ice. Each slide was dipped 10 times in cold PBS
and cover slipped using Prolong Gold (Molecular Probes, Carlsbad, CA) antifade and
mounting medium.
In all experiments, negative controls were performed by omitting either the primary
antibody, secondary antibody, both primary and secondary antibodies, or by substituting the
primary antibody with preimmune serum from rabbits immunized with Ms Piscidin IA, IB,
and IIA peptides.
Sections were examined using a Zeiss LSM 710 confocal unit on a Zeiss Axio
Observer Z1 microscope and Zen 2009 imaging software (Carl Zeiss, Inc., Thornwood, NY).
Immunofluorescent images were overlaid with their corresponding differential interference
contrast image in the Cellular and Molecular Imaging Facility, Department of Plant Biology,
North Carolina State University, Raleigh, NC.
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RESULTS

No staining with any of the antibodies used in the study was observed in the embryos
or in the 9, 12, and 14 dph larval samples (hatchery stage fish; not shown). The first
appearance of staining occurred at 16 dph or in phase I fish for all antibodies used.
Staining using the antibody against Ms Piscidin IA in the 16 dph sample was
localized to multinucleated cells in the buccal cavity (Fig. 1a, b), mononuclear cells in veins
in the head kidney (Fig. 1c, d), and mononuclear cells in the trunk kidney (Fig. 1e, f). Ms
Piscidin IB was localized to the kidney tubule epithelium (Fig. 2a, b), agranular cells of the
digestive epithelium (Fig. 2c, d), mononuclear cells in the trunk kidney (Fig. 2e, f), and
mononuclear cells in the head kidney venous system (Fig. 2g, h). Ms Piscidin IIA was
localized to agranular cells of the gill arches (Fig. 3a) and the head kidney (Fig. 3b, c).
In fry 19 dph, Ms Piscidin IA was found again in agranular cells of the trunk kidney
(Fig. 4a, b) and the veins of the head kidney (Fig. 4c, d). Ms Piscidin IB was found in the
basement membrane of the mucosal epithelium of the esophagus (Fig. 5a-c), columnar
epithelium of the intestine (Fig. 5d-f), and the liver (Fig. 5g-i). Ms Piscidin IIA was localized
to granular cells at the base of the gill lamellae (Fig. 6a, b).
Ms Piscidin IA was not observed in any of the 21 dph fish sections. Ms Piscidin IB
staining was seen on the apical surface of the oral mucosa in the buccal cavity (Fig. 7a-c). Ms
Piscidin IIA was stained in granular cells in the vascular system of the primary gill lamellae
(Fig. 8a, b).
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For the 27 dph fry, Ms Piscidin IA was localized to agranular cells of the stomach
gastric gland (Fig. 9), Ms Piscidin IB, granular cells of the primary gill lamellae (Fig. 10a, b)
and agranular cells of the gastric gland of the stomach (Fig. 10c, d), and Ms Piscidin IIA,
granular cells of the the primary gill lamellae (Fig. 11a, b) and the skin epithelium (Fig. 11c,
d).
All three antibodies stained cells within the gill, stomach, anterior intestine, and skin
of 12 month post hatch (phase III) fish. For the gill, Ms Piscidin IA was stained in agranular
cells directly posterior of the pharyngeal teeth (Fig. 12a, b) and Ms Piscidin IB (Fig. 13) and
Ms Piscidin IIA (Fig. 14a, b) were stained in granular cells in the gill lamellae. Localization
in the stomach was in columnar epithelial cells for Ms Piscidin IA (Fig. 15a, b) and granular
cells within the epthelium for Ms Piscidins IB (fig 16a, b) and IIA (Fig. 17a-c). Ms Piscidin
IA was found in cells within the submucosa and muscularis of the anterior intestine (fig 18ac), while both Ms Piscidins IB (Fig. 19a, b) and IIA (Fig. 20a, b) were found again in
granular cells located in the epithelium of this tissue. In the skin, Ms Piscidin IA was stained
in the musculature underlying the epidermis (Fig. 21a-c), while both Ms Piscidins IB (Fig.
22) and IIA (Fig. 23a, b) were stained in granular cells of the stratified squamous epithelium.

DISCUSSION

This is the first description of the tissue localization of piscdins in the striped bass
during its development. The novel aspect was the localization of three different piscidins in
striped bass fry at different times in the fish’s development. While in adult fish the piscidins
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appear to be localized to gills and intestine granular mast cells, in the developing fry each
piscidin studied appears localized to different cell populations in different tissues. This
differential staining pattern reveals that, even though they appear to be localized to similar
cells in the adult, the piscidins are produced and stored in a multitude of granular cell
populations.
No piscidin transcripts were found in striped bass embryos or fry 14 dph and earlier
(data not shown). Douglas et al. (2001) found the first evidence of pleurocidin transcripts 13
dph and increased thereafter during development. This coincides with the fact that we did not
see staining of any of the piscidins studied here in fry 14 dph or earlier but we did see
staining at 16 dph and later. We conclude that the piscidins first appear sometime between 14
and 16 dph in striped bass fry. The timing of this first appearance is important because this is
when fry are normally stocked into ponds to begin feeding on their own with fully
functioning digestive organs (Harrell et al. 1990). These ponds may also be breeding grounds
for pathogens not seen in the hatchery. The ability to coordinate feeding resources,
competition, and immune functions may be of the utmost importance.
We observed piscidin staining in undifferentiated (mononuclear progenitor) cells in
the youngest fry and granular cells in older fry in the developing hematopoietic and epithelial
tissues. The appearance of granular cells in the older fry is expected as piscidins have been
localized to granular cells in the epithelial tissues in adult fish. Silphaduang and Noga (2001)
reported that mast cells in gill, skin, and gut and those lining blood vessels in viscera were
piscidin positive in adult hybrid striped bass. Mast cells in gill lamellae were Ms Piscidin IIA
positive in striped bass, white bass, European seabass, and red drum (Sciaenops ocellatus)
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(Corrales et al. 2010). Also, pleurocidin was localized to mucin granules of skin and
intestinal goblet cells in the winter flounder (Pleuronectes americanus) using transmission
electron microscopy (Cole et al. 2000). Murray et al. (2003) localized pleurocidin gene
expression and protein synthesis to eosinophilic granular cells in the non-lamellar portion of
the gill filament of the winter flounder. The staining of potential progenitor immune cells by
antibodies against the piscidins could lead to the development of markers using these
antibodies to follow the ontogeny of fish cells involved in immune processes.
Ms Piscidin IB staining was observed in the epithelial cells of renal tubules in 16 dph
fry. Being epithelial tissue, it is not surprising that these tissues are also producing piscidins
to protect the local tissues. Piscidin production in the urinary tissues may be a mechanism of
preventing pathogenic infections in the kidney and urinary system. Human β-defensin-1
mRNA has also been localized to the epithelium of the urogenital system in humans by
Valore et al. (1998). They concluded that human β-defensin-1 may contribute to a decrease in
microbial colonization in these tissues.
The lack of staining with the antibody against Ms Piscdin IA in the 21 dph fish does
not necessarily mean that this epitope is not present in these fish. The lack of staining may
have occurred because the sections cut did not contain any of the epitopes for Ms Piscidin IA
or that the primary/secondary antibody binding was not effective in these sections. It can be
assumed, though, that since there was staining in sections from fish at 19 and 27 dph this
piscidin was present, but was not stained.
Piscidins have been described as ubiquitous effectors of the innate immune system.
Most previous studies have localized piscidin peptides to cells located within epithelial

143

tissues where they can perform their functions. These peptides have been localized to
granular mast cells in the hybrid striped bass (HSB, white bass, M. chrysops, x striped bass,
M. saxatilis). In this study we have shown differential tissue and cellular distributions of
three piscidins in the striped bass. Along with previous studies (see previous chapters) we
have shown that the different classes of piscidins may be specialized and that each of these
peptides may be specialized for activity within a certain cell type or tissue and against
different pathogens. This specialization also leads us to believe that through evolution of this
peptide family the piscidins have become diversified to perform specific functions in specific
locations.
This study is the first description of the tissue distribution and localization of three
piscidins during different stages of SB development. Although no staining was observed
prior to age 16 dph, all three piscidins were seen at every stage thereafter, with the exception
of Ms Piscidin IA at 21 dph. These results demonstrate that the immune system is in
development during this critical time and that the fish are acquiring the ability to fight
infections without maternally derived immune factors. Knowing when the piscidins first
become present in the fish and in which cells and tissues is important for the survival of
young fish at a critical time in their development.
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Figure 1. Immunostaining of 16 dph striped bass fry with the anti-Ms Piscidin IA antibody
(green; a-f) showing staining of (a, b) multinucleated cells located in the buccal cavity, (c, d)
mononuclear cells in veins of the head kidney, and (e, f) mononuclear cells in the trunk
kidney. Chromatin counterstained with Hoechst 44432 (blue; b, d, f). (a, c, e) Scale bars =
100 μm. (b, d, f) Scale bars = 20 μm.
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Figure 2. Immunostaining of 16 dph striped bass fry with the anti-Ms Piscidin IB antibody
(green; a-h) showing Ms Piscidin IB localized to (a, b) the kidney tubule epithelium, (c, d)
agranular cells of the digestive epithelium, (e, f) mononuclear cells in the trunk kidney, and
(g, h) mononuclear cells in the kidney venous system. Chromatin counterstained with
Hoechst 44432 (blue; b, f, h). (a, c) Scale bars = 100 μm. (e, g) Scale bars = 50 μm. (b, d, f,
h) Scale bars = 20 μm.
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Figure 3. Immunostaining of 16 dph striped bass fry with the anti-Ms Piscidin IIA antibody
(green; a-c) showing staining of (a) agranular cells (arrowheads) in the gill arches and (b, c)
head kidney. Chromatin counterstained with Hoechst 44432 (blue; c). (a, b) Scale bars = 100
μm. (c) Scale bar = 20 μm.
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Figure 4. Immunostaining of 19 dph striped bass fry with the anti-Ms Piscidin IA antibody
(green; a-d). (a, b) Staining was localized to agranular cells of the trunk kidney and (c, d) the
venous system of the kidney. Chromatin counterstained with Hoechst 44432 (blue; c, d). (a)
Scale bar = 100 μm. (b, c, d) Scale bars = 50 μm.
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Figure 5. Immunostaining of 19 dph striped bass fry with the anti-Ms Piscidin IB antibody
(green; a-i). (a, b) Ms Piscidin IB was found in the basement membrane of the mucosal
epithelium of the esophagus, (d, e) columnar epithelium of the intestine, and (g, h) the liver.
(c, f, i) Negative control of (a, d, g, respectively), excluding the primary antibody from the
immunostaining procedure. Chromatin counterstained with Hoechst 44432 (blue; d, e, h). (a,
c, g, i) Scale bars = 200 μm. (b, d, f) Scale bars = 50 μm. (e) Scale bars = 20 μm. (h) Scale
bars = 10 μm.
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Figure 6. Immunostaining of 19 dph striped bass fry with the anti-Ms Piscidin IIA antibody
(green; a-b) of granular cells at the base of the gill lamellae (arrowheads). Scale bars = 100
μm.
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Figure 7. Immunostaining of 21 dph striped bass fry with the anti-Ms Piscidin IB antibody
(green; a-c). (a, b) Ms Piscidin IB was localized to the apical surface of the oral mucosa in
the buccal cavity. (c) Negative control of (a), excluding the primary antibody from the
immunostaining procedure. Chromatin counterstained with Hoechst 44432 (blue; b). (a, b)
Scale bars = 200 μm. (b) Scale bar = 50 μm.
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Figure 8. Immunostaining of 21 dph striped bass fry with the anti-Ms Piscidin IIA antibody
(green; a-b). (a) Ms Piscidin IIA was localized to the vascular system of the primary gill
lamellae. (b) Granular cell in the gill lamellae (arrowhead). Chromatin counterstained with
Hoechst 44432 (blue; b). (a) Scale bar = 100 μm. (b) Scale bar = 20 μm.
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Figure 9. Immunostaining of 27 dph striped bass fry with the anti-Ms Piscidin IA antibody
(green) showing staining of agranular cells of the stomach gastric gland (arrowheads). Scale
bar = 100 μm.
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Figure 10. Immunostaining of 27 dph striped bass fry with the anti-Ms Piscidin IB antibody
(green; a-d). Ms Piscidin IB was localized to (a, b) granular cells of the gill lamellae and (c,
d) agranular cells of the gastric gland of the stomach. (a, c) Scale bar = 100 μm. (b, d) Scale
bar = 50 μm.
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Figure 11. Immunostaining of 27 dph striped bass fry with the anti-Ms Piscidin IIA antibody
(green; a-d) showing staining of granular cells in the (a, b) gill lamellae and (c, d) skin
epithelium. (a) Scale bar = 100 μm. (c) Scale bar = 200 μm. (b, d) Scale bar = 50 μm.

165

a

b

Figure 12. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IA
antibody (green; a-b) showing staining of agranular cells directly posterior to the pharyngeal
teeth of the gill. Chromatin counterstained with Hoechst 44432 (blue; b). (a) Scale bar = 100
μm. (b) Scale bar = 50 μm.
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Figure 13. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IB
antibody (green) showing staining of granular cells in the primary gill lamellae. Scale bar =
100 μm.
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Figure 14. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IIA
antibody (green; a-b) showing Ms Piscidin IIA localized to granular cells in the primary gill
lamellae. Chromatin counterstained with Hoechst 44432 (blue; b). (a) Scale bar = 200 μm.
(b) Scale bar = 20 μm.
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Figure 15. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IA
antibody (green; a-b) showing staining in columnar epithelial cells of the stomach.
Chromatin counterstained with Hoechst 44432 (blue; b). (a) Scale bar = 100 μm. (b) Scale
bar = 50 μm.
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Figure 16. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IB
antibody (green; a-b) showing this peptide is localized to granular cells within the stomach
epithlium. Chromatin counterstained with Hoechst 44432 (blue; b). (a) Scale bar = 100 μm.
(b) Scale bar = 50 μm.

170

a

b

c

Figure 17. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IIA
antibody (green; a-b) showing staining of granular cells within the epithelium of the stomach
(a, b). (c) Negative control of (a), excluding the primary antibody from the immunostaining
procedure. Chromatin counterstained with Hoechst 44432 (blue; b). (a, c) Scale bar = 100
μm. (b) Scale bar = 20 μm.
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Figure 18. Immunostaining of 12 mo ph striped bass fry anterior intestinal tissue with the
anti-Ms Piscidin IA antibody (green; a-b) showing staining in cells within the submucosa and
muscularis (a, b). (c) Negative control of (a), excluding the primary antibody from the
immunostaining procedure. Chromatin counterstained with Hoechst 44432 (blue; b). (a, c)
Scale bar = 100 μm. (b) Scale bar = 50 μm.
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Figure 19. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IB
antibody (green; a-b) showing staining of granular cells in epithelium of the anterior
intestine. Chromatin counterstained with Hoechst 44432 (blue; b). (a) Scale bar = 100 μm.
(b) Scale bar = 50 μm.
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Figure 20. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IIA
antibody (green; a-b) showing Ms Piscidin IIA localized to granular cells in epithelium of the
anterior intestine. Chromatin counterstained with Hoechst 44432 (blue; b). (a) Scale bar =
100 μm. (b) Scale bar = 50 μm.
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Figure 21. Immunostaining of 12 mo ph striped bass fry skin tissue with the anti-Ms Piscidin
IA antibody (green; a-b) showing staining in the musculature underlying the epidermis (a, b).
(c) Negative control of (a), excluding the primary antibody from the immunostaining
procedure. Chromatin counterstained with Hoechst 44432 (blue; b). (a, c) Scale bar = 100
μm. (b) Scale bar = 50 μm.
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Figure 22. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IB
antibody (green) showing staining of granular cells of the skin stratified squamous epithelim.
Scale bar =20 μm.
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Figure 23. Immunostaining of 12 mo ph striped bass fry with the anti-Ms Piscidin IIA
antibody (green; a-b) showing Ms Piscidin IIA localized to granular cells of the stratified
squamous epithelium of the skin. Chromatin counterstained with Hoechst 44432 (blue; b). (a)
Scale bar = 100 μm. (b) Scale bar = 20 μm.
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Chapter VI

EFFECTS OF DIFFERENT HOLDING CONDITIONS ON ANTIMICROBIAL ACTIVITY
IN STRIPED (Morone saxatilis) AND HYBRID STRIPED BASS
(M. chrysops x M. saxatilis)
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The hybrid striped bass (HSB; white bass, Morone chrysops, x striped bass, M.
saxatilis) is an important aquaculture species in the United States. Interest in the production
of the HSB was based on the improved performance of the hybrids than the SB parent
species alone. The HSB outperformed the SB with better growth rates, disease resistance, and
survivability (Harrell 1997). Growth of the industry has been hampered by high production
costs, partly from mortalities due to disease and the effects of stress. By gaining a better
understanding of the dynamics stress has on the immune system in these fish we may be able
to reduce mortalities and aid the farmer by decreasing the monetary and time investments
needed to raise these fish.
One component of the innate immune system is the antimicrobial peptides (AMPs).
These peptides are ubiquitous in living organisms, forms of which are found in everything
from bacteria and plants to humans. Functions attributed to these peptides include controlling
infections caused by pathogenic viruses, bacteria, fungi, and protozoans and may also play
various other roles by acting as cytokines and to prime the adaptive immune system.
Knowledge of how stress affects the ability of an organism to produce these peptides and use
them to their advantage is very important to its survival.
In order to determine the effects of chronic stress on the AMPs found in the HSB,
named piscidins, a series of range finding experiments were done (Tests 1 to 7) to find the
best conditions in which to hold the fish to establish baseline, low stress levels of AMP
activity. The fish were held at different facilities and under different conditions. Some of
these studies were performed at North Carolina State University’s Pamlico Aquaculture Field
Laboratory (PAFL), Aurora, NC, while others were performed at NCSU College of
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Veterinary Medicine (CVM) and Varsity Drive Fish Facility, Raleigh, NC. Protein extracts
from gill samples collected from the SB and HSB under these various conditions were
analyzed using a radial diffusion assay (RDA; Noga et al. 2002) to determine their
antibacterial activity (ABA) against E. coli D31.
The holding conditions, along with stocking density and the results of the RDAs are
listed in Table 1 for HSB and Table 2 for SB. For this assessment we defined chronic stress
in Test 7 as holding the fish at a 12 g fish/L water (high density) for 7 days compared to the
5.6 g fish/L water (low density) used for the baseline, unstressed work. The fish in Test 3
were held in the tanks at PAFL with creek water and high detritus content for 69 days, thus
possibly leading to more of a chronic stress than just 7 days at a higher density.
The results from Test 7 along with those from Test 3 indicate that HSB have higher
levels of antibacterial activity as measured by RDA than striped bass both at low and high
densities. This could be explained by the principles of heterosis in the HSB. This could also
be one explanation why HSB survive better in aquaculture settings than do SB, thus making
them more attractive for the industry. These results also indicate that the antibacterial activity
drops in both strains following a stressful event (although it was not a significant decrease in
SB, possibly because of the low number of fish sampled). The fish in the unstressed
treatment in Test 7 were held at a lower tank density than those in the stressed treatment.
The unstressed treatment fish in Test 7 were also held in a heavily filtered recirculating
system, whereas the fish in Test 3 were held in flow-thru systems with both well water and
creek water and had heavy detritus build up.
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There was a significant difference in ABA Units between the HSB used for the
baseline treatment (unstressed) in Test 7 and the HSB used for the baseline treatment (held at
Varsity Dr., first sampling) in Test 6 (not shown; p=0.0003). In Test 6, the fish had only
been in the tanks for 21 days. There were also 2 fish found dead in the bottom of the tanks at
the time of sampling. Small HSB, much smaller than the other fish, were in the tank. There
was no significant difference in ABA Units between the SB used for the baseline treatment
(unstressed) in Test 7 and the striped bass used for the baseline treatment (held at Varsity Dr.,
first sampling) in Test 6 (not shown; p=0.1886). Again, this could have occurred because of
the low number of fish sampled in Test 7.
Hybrid striped bass held at low densities (<12 g fish/L water), in recirculating
systems, and in 4 ppt water (=baseline) had statistically significant higher ABA Units than
those held at higher densities (>22 g fish/L water), in PAFL creek and well water, flowthrough systems, and 0 ppt water (Table 1). ABA Units for striped bass were not different in
any of the treatments (Table 2).
Hybrid striped bass held at low density (<12 g fish/L water) and in a recirculating
system at 4 ppt had statistically significantly higher ABA Units than SB in the same
conditions (Table 3). HSB held at high density (>22 g fish/L water) and in a flow-through
system using a mixture of well and creek water at PAFL at 5 ppt had statistically
significantly higher ABA Units than SB in the same conditions (Table 4). HSB held at high
density (>22 g fish/L water) and in a static system with corner filters at 5 ppt had statistically
significantly higher ABA Units than SB in the same conditions (Table 5).
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Morone sp., SB and HSB, subjected to a chronic stressor, being held at a density of
12 g fish/L water for 7 days, respond to the crowded conditions with a decrease in gill
antibacterial activity versus those being held at higher densities of 22 g fish/L water. HSB
maintain higher antibacterial activity levels than SB following a chronic crowding stressor.
Water quality and other components in the water may have an effect on the immune
functions of the fish.
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Table 1. Mean gill ABA Units in hybrid striped bass under different conditions.

Notes: P-values are differences from baseline. Asterisks denote significant
differences from baseline (* P = 0.05-0.01, ** P = 0.01-0.001, *** P < 0.001). 1
Municipal water source, conditioned with sodium thiosulfate to neutralize chlorine,
and artificial salts added. 2 Well-water source with artificial salts added. 3 Water
pumped from South Creek, NC (PAFL). 4 A mixture of water from South Creek, NC
and fresh well water (PAFL). 5 Fresh well water (PAFL).

Table 2. Mean gill ABA Units in striped bass under different conditions.

Notes: P-values are differences from baseline. 1 Municipal water source, conditioned
with sodium thiosulfate to neutralize chlorine, and artificial salts added. 2 Water
pumped from South Creek, NC (PAFL). 3 A mixture of water from South Creek, NC
and fresh well water (PAFL). 4 Fresh well water (PAFL).
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Table 3. Mean gill ABA Units in hybrid striped bass and striped bass from Test 7.

P-values are differences from hybrid striped bass mean ABA Units. Asterisks denote
significant differences from hybrid striped bass mean ABA Units (* P = 0.05-0.01, **
P = 0.01-0.001, *** P < 0.001).

Table 4. Mean gill ABA Units in hybrid striped bass and striped bass from Test 4.

P-values are differences from hybrid striped bass mean ABA Units. Asterisks denote
significant differences from hybrid striped bass mean ABA Units (* P = 0.05-0.01, **
P = 0.01-0.001, *** P < 0.001).

Table 5. Mean gill ABA Units in hybrid striped bass and striped bass from Test 7.

P-values are differences from hybrid striped bass mean ABA Units. Asterisks denote
significant differences from hybrid striped bass mean ABA Units (* P = 0.05-0.01, **
P = 0.01-0.001, *** P < 0.001).
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Table 6. Mean gill ABA Units in hybrid striped bass and striped bass from Test 3.

P-values are differences from hybrid striped bass mean ABA Units.

Table 7. Mean gill ABA Units in hybrid striped bass and striped bass from Test 3.

P-values are differences from hybrid striped bass mean ABA Units.

Table 8. Mean gill ABA Units in hybrid striped bass and striped bass from Test 4.

P-values are differences from hybrid striped bass mean ABA Units.
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Table 9. Mean gill ABA Units in hybrid striped bass and striped bass from Test 4.

P-values are differences from hybrid striped bass mean ABA Units.
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