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ABSTRACT 

Assessment of Melanistic Lesions in Smallmouth Bass (Micropterus dolomieu) of the 

Chesapeake Bay, USA 

 

Kelsey Taylor Young 
 

 Smallmouth bass (Micropterus dolomieu) are an important sportfish in the Susquehanna 

and Potomac River Basins of the Chesapeake Bay drainage. However, population declines in 

portions of the Susquehanna, fish kills and reports of visible abnormalities such as melanistic 

spots have raised concern among the public and resource managers. Although the etiology or risk 

factors associated with melanistic lesions are unknown, there is a propensity to attribute the 

abnormality to contaminants. Melanistic lesions of smallmouth bass were assessed using 

histopathology and gene expression analysis to evaluate the cellular and molecular changes 

compared to normal skin. The prevalence of melanistic bass at specific sites in the Chesapeake 

Bay drainage was also examined. Higher incidences of bass with melanistic lesions were 

documented in the Susquehanna River compared to the Potomac River. Typical melanistic 

lesions consisted of rounded to spindle shaped, melanin-containing cells (or melanophores) in a 

thickened epidermis whereas normal skin only contains melanophores in the dermal-epidermal 

interface. RNA-Seq data revealed the expression of a papillomavirus helicase exclusively in 

melanistic areas. Transcript abundance analyses of DCT (L-dopachrome tautomerase), MC5R 

(melanocortin receptor 5), MITF (micropthalmia-associated transcription factor), PMEL 

(melanocyte protein), TYR (tyrosinase), TYRP-1 (tyrosinase-related protein 1), Rab38 (Ras-

related protein Rab-38), Akt1 (RAC-alpha serine threonine-kinase), KRT8 (keratin type II 

cytoskeletal 8), and MT-1 (metallothionein) showed differential expression in melanistic areas. 

Further research will be needed to determine the roles of a potentially novel papillomavirus and 

chemical contaminants in induction of melanistic areas of smallmouth bass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



iii 
 

DEDICATION 

 

For my Mom and Dad.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGEMENTS 

 

 I would like to thank the U.S. Geological Ecosystems (Chesapeake Bay Place-Based and 

Fisheries) and Environmental Health Mission Areas, and Pennsylvania Sea Grant for funding of 

this research. Special thanks go to my committee members, Patricia Mazik, Vicki Blazer, and 

Amy Welsh for their time, support, guidance, and constructive criticism. Thank you to 

Pennsylvania Fish and Boat and Pennsylvania Department of Environmental Protection for 

organizing and assisting with fish collections. I would also like to thank Adam Sperry, Cheyenne 

Simpson, Charlie Quinn, Megan Schall, Cassidy Shaw, Pam Whittington, Darlene Bowling, 

Cynthia Adams, Heather Walsh, Kathy Spring, and Ryan Braham for their help in the laboratory 

and during field sampling. Lastly, thank you to my parents for their support, encouragement, and 

provisions of food during my college years.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

TABLE OF CONTENTS 

ABSTRACT .......................................................................................................................................... ii 

DEDICATION ..................................................................................................................................... iii 

ACKNOWLEDGEMENTS ..................................................................................................................... iv 

Chapter 1: Literature Review ..............................................................................................................1 

Background Information ....................................................................................................................1 

Methods ............................................................................................................................................5 

Target Sequences ...............................................................................................................................7 

Literature Cited ................................................................................................................................ 11 

Figures ............................................................................................................................................. 18 

Figure 1. .............................................................................................................................................. 18 

Figure 2 ............................................................................................................................................... 19 

Chapter 2: Assessment of melanistic areas in smallmouth bass (Micropterus dolomieu) of the 

Chesapeake Bay, USA ....................................................................................................................... 20 

1. Introduction ................................................................................................................................. 20 

2.  Methods ..................................................................................................................................... 22 

2.1. Sites and Field Collections ................................................................................................................ 22 

2.2. Histological Examination .................................................................................................................. 22 

2.3. RNA extractions and sequencing ..................................................................................................... 23 

2.4. Preprocessing of raw reads and partial transcriptome assembly.................................................... 23 

2.5. Gene expression analysis ................................................................................................................. 24 

2.6. Custom CodeSet Nanostring nCounter® Analysis Assay .................................................................. 24 

2.8. Normalization of nCounter analysis data......................................................................................... 25 

2.9. Statistical analysis ............................................................................................................................ 25 

3. Results ......................................................................................................................................... 26 

3.1. Site Prevalence ................................................................................................................................. 26 

3.2. Gross Examination ........................................................................................................................... 26 

3.3. Histopathological Examination ........................................................................................................ 26 

3.4. De novo transcriptome assembly and quality assessment .............................................................. 29 

3.5. Nanostring nCounter® analysis assay .............................................................................................. 30 

4. Discussion .................................................................................................................................... 30 

4.1. Site Prevalence ................................................................................................................................. 30 



vi 
 

4.2. Histopathology ................................................................................................................................. 32 

4.3. Gene Expression Analysis ................................................................................................................. 35 

4.4. Conclusions ...................................................................................................................................... 40 

References ....................................................................................................................................... 42 

Figures ............................................................................................................................................. 49 

Figure 2. .............................................................................................................................................. 50 

Figure 3. .............................................................................................................................................. 51 

Figure 4. .............................................................................................................................................. 52 

Figure 5. .............................................................................................................................................. 53 

Figure 6. .............................................................................................................................................. 54 

Figure 7. .............................................................................................................................................. 55 

Figure 8. .............................................................................................................................................. 56 

Figure 9. .............................................................................................................................................. 57 

Figure 10. ............................................................................................................................................ 58 

Figure 11. ............................................................................................................................................ 59 

Tables .............................................................................................................................................. 61 

Table 1. ................................................................................................................................................ 61 

Table 2. ................................................................................................................................................ 62 

Table 3. ................................................................................................................................................ 66 

Table 4. ................................................................................................................................................ 67 

Table 5. ................................................................................................................................................ 68 

file:///C:/Users/ktyoung/Desktop/Thesis_FINAL_KYOUNG%20VB.docx%23_Toc509498624


1 
 

Chapter 1: Literature Review 

Background Information 

 Fish communities can be used as indicators of environmental degradation. Evaluating the 

presence of indicator taxa, species richness, diversity, evenness, and the index of biotic integrity 

(IBI) are some methods applied to monitor aquatic environments. The comprehensive IBI 

method introduced by Karr et al. (1986) includes the assessment of incidences in disease and 

gross abnormalities in resident fish populations. Deformities, erosions, lesions, and tumors 

(DELTs) are phenotypical changes caused by a series of biological responses in fish to chronic 

exposure from both man-made and natural environmental stressors and have also been used in 

monitoring fish health. High incidences of skin lesions are often observed in habitats with poor 

water quality, including areas where chemical contaminants are present (Sanders et al., 1999). 

Vethaak et al. (2009), using long-term monitoring of particular skin lesions, reported a decrease 

at sites in the North Sea where water quality was improved. Therefore, the appearance of 

external lesions and other abnormalities are frequently used as biological indicators of aquatic 

impairment.  

 Increases of skin lesions and mortality events of resident fish populations of the 

Chesapeake Bay area have raised concern among anglers and management officials. Areas of the 

Susquehanna and Potomac River basins have experienced centrarchid mortality events since the 

early 2000’s with many of these fish exhibiting skin lesions (Blazer et al., 2010). One lesion that 

has raised concern in the Chesapeake Bay drainage is the presence of melanistic lesions in 

smallmouth bass (Micropterus dolomieu). Smallmouth bass are an economically and 

ecologically important species in the Susquehanna and Potomac River basins. However, 

populations have declined in a few sub-basins of the Susquehanna and there are reports of 
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smallmouth bass with concerning characteristics such as external lesions and intersex (Blazer et 

al., 2010, Arway and Smith 2013, Chesapeake Bay Foundation 2013, Shull and Pulket 2015, 

Schall et al., 2017). Increasing reports of melanistic bass in the past decade is one gross 

abnormality that have raised concern over the integrity of the Susquehanna and Potomac River, 

which are known to be impacted by various anthropogenic sources from agriculture and 

industries (Blazer et al., 2007a, Pennsylvania Fish and Boat Commission 2011, Reif et al., 2012, 

Kolpin et al., 2013).  

 Melanistic lesions have been reported in gulf croaker (Micropogon megalops), freshwater 

drum (Aplodinodus grunniens), brown bullhead (Ictalurus nebulosis), domestic goldfish 

(Carissus aurutus), North Sea dab (Limanda limanda), coral trout (Plectropomus leopardus), 

axillary seabream (Pagellus acarne), and various species of rockfish (Sebastes spp.) that are 

distributed in freshwater and marine ecosystems. The lesions have been described 

histopathologically as an accumulation of melanin-containing cells called melanophores in the 

epidermis (Okihiro et al., 1993, Blazer et al., 2007b, Noguera et al., 2013, Ramos et al., 2013). 

Melanophores are responsible for producing black to brown pigmentation and belong to a group 

of pigment producing cells called chromatophores. Chromatophores are responsible for color 

patterns in lower vertebrates and invertebrates and are homologous to chromatocytes found in 

more advanced vertebrates (Fujii 2000, Zuasti et al., 2002). Fish have six types of 

chromatophores that are distinguished by the spectrum of light being reflected: melanophores 

(black/brown pigment), xanthophores (yellow pigment), iridophores (metallic pigment), 

erythrophores (red pigment), leucophores (white pigment), and cyanophores (blue pigment) 

(Fujii 2000).  However, in fish, melanophores are considered the main pigment cells in color 
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patterns and produce pigment molecules through melanogenesis (Fujii 2000, Van der Salm et al., 

2004).  

Genes and the resulting products that regulate melanogenesis and movement of 

chromatophores have a pivotal role in pigmentation of the integumentary system. Expression of 

these genes can be manipulated by environmental factors such as pollution, temperature, and the 

presence of pathogens and parasites. Gene expression of skin involving changes in color pattern 

has been elucidated in model and non-model species of fish and other vertebrates (Schonthaler et 

al., 2005, Braash et al., 2007, Cheli et al., 2009, Higdon et al., 2013, Jiang et al., 2014, Parichy 

and Spiewak 2014, Zhu et al., 2016). The most extensively studied genes involved in color 

pattern are micropthalmia-associated transcription factor (MITF), tyrosinase (TYR), tyrosinase 

related protein 1 (TYRP-1), and dopachrome tautermerase (DCT or TYRP-2). Tyrosinase, 

TYRP-1, and TYRP-2 are needed in the first few and most rate limiting steps of oxidation of L-

tyrosine in melanogenesis (Mason 1948, Riley 1997, Otreba et al., 2014). Expression of these 

genes is regulated by binding of proopiomelanocortin (POMC) derived peptide hormones to 

melanocortin receptors (MCR) on melanophore cells that activate the expression of MITF (Busca 

and Ballotti 2000, Slominski et al., 2004). Micropthalmia-associated transcription factor is 

considered the master regulator of genes necessary for melanogenesis, cell growth, and survival 

by binding to promoter regions of direct targets (Cheli et al., 2009). 

Melanogenesis and associated genes are reliant on the neuroendocrine system. The most 

widely known neuropeptides that regulate pigment cells are the melanophore stimulating 

hormone (MSH), more specifically α-MSH, and the melanin-concentrating hormone (MCH). 

Melanophore stimulating hormone is derived from the precursor polypeptide 

proopiomelanocortin (POMC) and secreted from the pituitary (Logan et al., 2003, Van der Salm 
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et al., 2003, Slominski et al., 2004, Amano and Takahashi 2009). Melanophore stimulating 

hormone is responsible for dispersing melanin molecules, inducing dark pigment coloration by 

upregulating tyrosinase and stimulating proliferation of melanophores by binding to MCR 

(Gilchrest et al., 1996, Fujii 2000, Slominski et al., 2004). Conversely, MCH aggregates melanin 

molecules causing a blanching effect. Melanin-concentrating hormone is produced in the 

hypothalamus and then transported to the pituitary to be secreted (Fujii 2000). Similar to MSH, 

adrenocorticotropic hormone (ACTH) is derived from the POMC, secreted from the pituitary, 

and is melanin dispersing (Fujii 2000, Slominski et al., 2004). Additionally, prolactin, 

catecholamines, opioid factors, prostaglandins, endothelins, nitric oxide, and thyroid hormones 

can influence pigmentation (Fujii 2000, Jegstrup and Rosenkilde 2003, Blanton and Specker 

2007). 

Melanogenesis is the process of melanin biogenesis and due to the structure of melanin, it 

has many important physiological properties and functions. One apparent property of melanin is 

broad spectral absorbance that can be converted to heat for thermoregulation and the 

accompanied photoprotection (Riley 1997, Solano 2014). The semiquinones in melanin combat 

the free radicals produced as one of the effects of light absorption, which results in protection of 

skin cells against ultraviolet (UV) light damage (Riley 1997, Rozanowska et al., 1998, Slominski 

et al., 2004, Solano 2014). The electron accepting or donating qualities of semiquinones are also 

responsible for redox properties of melanin. Melanin has superoxide dismutase activity which 

protects cells from reactive oxygen species (ROS) that can occur from UV radiation, 

environmental stress, or chemical substances (Otreba et al., 2014). The orthoquinones may have 

antibiotic qualities due to their reactivity towards nucleophilic groups such as thiols and amino 

groups (Riley 1997).The carboxyl and hydroxyl groups in the melanin structure can function as a 
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chelating agent by binding and sequestering metal ions (Sarna et al., 1976, Borovansky 1994, 

Riley 1997, Solano 2014). Melanin may also act as a polymer to bind to organic molecules such 

as xenobiotics and lipophilic compounds (Solano 2014).  

 Most occurrences of melanistic lesions have an unknown etiology, but there is a 

propensity to attribute the abnormalities to contaminants. Biological responses to environmental 

stressors can occur at many levels of biological organization. Previous biomonitoring studies 

have utilized histology to evaluate cellular and organismal level effects caused by contaminants, 

pathogens, and parasites that often manifest long after chronic exposure to stressors (Lindesjoo 

and Thulin 1994, Teh, et al., 1997, Schmidt-Posthaus et al., 2001). Recent exposures to 

contaminants are frequently evaluated at the molecular level (Garcia-Reyero et al., 2014). 

Methods that used gene expression analysis have identified genetic biomarkers related to 

contaminant exposure in smallmouth bass, white sucker (Catostamus commersonii), brown 

bullhead (Ameiurus nebulosus), fathead minnow (Piemephales promelas), zebrafish (Danio 

rerio), and medaka (Oryzias latipes) (Snell et al., 2003, Hahn et al., 2017). Therefore, to better 

understand the risk factors associated with melanistic lesions, the objectives of this study are to 

1) compare prevalence of melanistic areas among sites located in the Susquehanna and Potomac 

River drainages, 2) describe the lesions microscopically, and 3) compare gene expression in 

normal and affected skin.  

Methods 

Benign and malignant pigment abnormalities in fish have been documented and 

differentiated using histopathology methods by microscopically identifying morphological 

changes in cells, areas of proliferation of chromatophores in the integument, inflammation and 

other abnormalities (Okihiro et al., 1993, Baumann and Okihiro et al., 2000). Histological 
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changes in tissues such as inflammation, proliferation of cells, or differentiation of cells can 

often be used to determine the severity of the problem by revealing acute or chronic exposure to 

a stimulus (Schwaiger et al., 1997). Histology has the capacity to identify lesions manifesting 

from pathogens, parasites, or contaminants by implementing special stains to stain specific tissue 

components or pathogens to aid in a diagnosis. However, in order to make a proper diagnosis, 

description of normal tissue must be understood. 

Normal skin of smallmouth bass is constructed of epidermis, basement membrane, 

dermis, and hypodermis (Figure 1). Thickness of the skin is contingent on location of the body. 

The epidermis is composed of multiple evident layers of epithelial cells with basophilic nuclei. 

Larger goblet or mucous cells with a clear to pale eosinophilic cytoplasm and peripheral nuclei 

are also present in the intermediate to superficial layers of the epidermis. The epithelial cells that 

compose the epidermis vary in shape and size depending on their position. Apically located 

epithelial cells are often rounded to squamous with basally or centrally located nuclei, while 

basal cells are elongated and the nuclei are apically located. The intermediate layers contain 

rounded to cuboidal shaped cells (Figure 2). The basement membrane is a thin layer of fibrous, 

extracellular matrix separating the epidermis and dermis. The dermis is divided into two 

sections: stratum spongiosum and stratum compactum. Scales are present in the stratum 

spongiosum of the dermis on the body but are not present on the fins and lips. Additionally, the 

stratum spongiosum and sometimes the hypodermis contain melanophores or melanin-containing 

cells. The melanophores are elliptical to ellipsoidal in shape and dense with melanin granules 

and arranged in single, sometimes discontinuous rows within the dermis (Figure 2).  

Recently, gene expression profiling has become complementary to histopathology using 

Next Generation Sequencing (NGS) in studying biochemical responses to various stressors. One 
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of the most commonly used applications of NGS technologies is quantifying RNA expression 

levels, known as RNA-Seq. RNA-Seq has been utilized for transcriptome discovery and gene 

expression profiling which can aid in the identification of biomarkers in diseases, alternative 

splicing in genes, differential gene expression, and describing biological pathways (Ekbolm and 

Galindo 2011, Fraser et al., 2011, Grabherr et al., 2011, Rapaport et al., 2013, Qian et al., 2014). 

A transcriptome is the expression of the total mRNA within a cell of a specific tissue during a 

given time or physiological state. Compared to the genome that remains relatively stable, the 

transcriptome can be influenced by physiological and environmental factors which can 

consequently change phenotypic states in an organism (Grabherr et al., 2011, Pertea et al., 2016). 

In most cases, the primary objective of studying the transcriptome is gene expression profiling. 

Gene expression profiling is the identification and quantification of genes being expressed, 

known as transcripts, comparing two or more conditions between samples. Expression levels of 

genes can be downregulated or upregulated depending on the specific environmental stimuli and 

can aid in identification of molecular variations in similar cancers and stress response pathways 

to the organism’s physical environment (Grabherr et al., 2011, Rapaport et al., 2013).  

Target Sequences 

A partial skin transcriptome assembly was performed from melanistic lesions and normal 

skin of smallmouth bass. Gene expression analysis was assessed for association with 

histopathological analysis and identification of potential contributing factors. A unique transcript 

list identified a papillomavirus helicase transcript that was exclusively expressed in melanistic 

skin samples. To our knowledge, there has only been one case of papillomavirus infection in 

fish. Lόpez-Bueno et al. (2016) identified a co-infection of papillomavirus, polyomavirus, and 

iridovirus in lymphocystis of gilthead seabream (Sparus aurata).We also identified putative 



8 
 

genes associated with the production of melanin, environmental stress response, and viral and 

bacterial immune response to develop a Custom CodeSet for Nanostring nCounter® analysis 

assay (Nanostring Technologies, Seattle, WA) based on a literature review of similar studies in 

other fish species. Generally, expression of genes determined by RNA-Seq methods is validated 

by real-time PCR. However, verification of gene expression determined by nCounter® analysis 

assays has been found to be advantageous for low quality RNA samples and testing for multiple 

genes at a time (Stricker et al., 2014, Hahn et al., 2016). The following is a literature review used 

to select genes for the cCustom CodeSet for nCounter® analysis.  

 Multiple gene expression studies have been executed to determine specific genes 

responsible for melanogenesis in zebrafish (Danio rerio), common carp (Cyprinus carpio), and 

crimson snapper (Lutjanus erythropterus) (Higdon et al., 2013, Jiang et al., 2014, Zhang et al., 

2015). Genes associated with the regulation of melanogenesis were chosen because of their roles 

described above. These selected genes include MITF, TYR, TYRP-1, TYRP-2, POMC, and 

melanocortin receptors 1, 2, and 5. Many downstream target genes of MITF are considered vital 

to melanophore cell survival, proliferation, and migration (Cheli et al., 2009, Jiang et al., 2014, 

Mort et al., 2015). A premelanosome protein (PMEL) is needed for melanosome structure 

formation and maturation (Schonthaler et al., 2005, Braash et al., 2007, Cheli et al., 2009, 

Schiaffino 2010, Jiang et al., 2014). Tyrosine kinase receptors (KIT) and its ligand (KITLG) are 

needed for cell development, migration, and cell survival signaling (Cheli et al., 2009, Mort et 

al., 2015). Another direct target of MITF is BCL2 which is an anti-apoptotic protein implicated 

in inhibiting melanoma cell survival (Mcgill et al., 2002, Cheli et al., 2009).  Assessing the 

variations of these genes between melanistic and normal skin may provide information on their 

relationship to initiation of melanistic lesions. 
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 Gene expression profiling has also identified changes in expression of genes involved in 

oxidative stress, detoxification, and metabolization that are affected by environmental stress. 

Melanin has been shown to be protective against ROS that can occur from xenobiotics, UV 

radiation, and pathogens (Otreba et al., 2014). Molecular defenses against ROS include the 

upregulation of heat shock proteins (HSP70, HSP 71, and HSP90B), superoxide dismutase 

(SOD), glutathione-s-transferase (GST), glucocorticoid receptor (GR), and catalase (CAT) 

(Rodriguez-Ariza et al., 1993, Lushchak 2010). Additionally, chromatophores of fish have been 

used as biomarkers for heavy metals and pesticides (Allen et al., 2004, Dierksen et al., 2004, 

Luga et al., 2008, Singh et al., 2015). Metallothioneins (MT) are metal binding proteins that have 

been shown to be upregulated after exposure to copper, zinc, cadmium, mercury, silver, and 

other heavy metals (Hodson 1988). Biomonitoring studies have also identified cytochrome P450 

(CYP1A, CYP2, and CYP3A) in association with a variety of contaminants such as polycyclic 

aromatic hydrocarbons (PAHs) and polycyclic chlorinated biphenyls (PCBs) which have been 

linked to inducing hyperpigmentation in mammals, fish, and Xenopus laevus (Okihiro et al., 

1993, Baumann and Okihiro 2000, Fisher et al., 2003, Shimada and Fujii-Kuriyama 2004, Gräns 

et al., 2015). Evaluating the expression of these genes can provide insight to potential 

contaminants exposure or environmental stress that may be contributing to melanistic lesions.  

 The genome of the papillomavirus is approximately 8000bp and consists of early and late 

coding regions. The early open reading frames are specified as E1 through E8. The first coding 

region, E1, is a helicase gene and is the primary replication initiator protein. Papillomaviruses 

only infect epithelium of their hosts and rely on keratinocyte differentiation for further 

replication and maturation (Zheng and Baker 2006, Mcbride 2008). The virus evades the host’s 

immune system for survival by downregulating proteins responsible for detecting pathogens. In 
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mammals, papilloma viruses are capable of downregulating tripartite motif-containing protein 

(TRIM), histocompatibility complex (MHC) class I complex, transforming growth factor β 

(TGF-β), and toll like receptors (TLR3). Initiation of TLR3 elicits an imperative antiviral, 

antiproliferation, antioaniogenic and immunostimulatory response from interferons (IFN-α and 

IFN-β) (Stanley 2012, Fernandes et al., 2013). The virus also downregulates host cell 

inflammatory responses such as interleukins (IL-1B, IL-6, IL-8, IL-12, IL-17), caspase (CASP), 

and tumor necrosis factor (TNF) (Workenhe et al., 2010, Friedland et al., 2012, Stanley 2012). 

Some strains of papillomavirus have been known to cause neoplasia by dysregulating p53, 

chemokines, epidermal growth factor (EGFR), mitogen-activated kinase (MAPK), and 

serine/threonine protein kinase (BRAF) (Scott et al., 2001, Friedland et al., 2012). Determining 

the gene expression for these genes can provide information of the host response to the virus and 

other related pathogens.  
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Figures 

 

 
Figure 1. Normal skin of smallmouth bass.  The epidermis (E) contains layers of epithelial cells. 

The dermis (D) lies underneath the epidermis and is constructed of the stratum spongiosum (SS), 

scales (S), and the stratum compactum (SC). Located in between the dermis and epidermis are 

melanophores (small arrow).  Bar = 5µm. H&E stain. 
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Figure 2. Higher magnifications of normal skin in smallmouth bass. A. The epidermis is 

composed of goblet cells (large arrow) and epithelial cells. Below the epidermis, are pigment cells 

containing melanophores (small arrows) that form discontinuous rows. B. Epithelial cells vary in 

shape depending on location in the epidermis: basally located cells are elongated, intermediate 

cells are rounded, and apically located cells are rounded to squamous in shape. C. Higher 

magnification of the epidermal-dermal interface with small, oval to elongated melanophores 

present.  
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Chapter 2: Assessment of melanistic areas in smallmouth bass (Micropterus dolomieu) of 

the Chesapeake Bay, USA 

1. Introduction 

 Smallmouth bass (Micropterus dolomieu) are an ecologically and economically important 

freshwater species. Smallmouth bass are top predators endemic to portions of central and eastern 

North America (Carey et al., 2001, Brewer and Orth 2014). As a popular sportfish, fishing for 

this species generates millions of dollars in revenue each year from sales in boating, licenses, and 

tackle (Carey et al., 2001, Shull and Pulket 2005). Smallmouth bass importance and popularity 

led to a thriving fishery in the Chesapeake Bay drainage. Unfortunately, officials have reported 

large mortality events, low relative abundance, and poor year classes in certain areas of the 

Susquehanna and Potomac River Basins since the early 2000’s. Increases in external lesions, 

presence of pathogens, and intersex in smallmouth bass have also been documented (Shull and 

Pulket 2005, Blazer et al., 2010, Chesapeake Bay Foundation 2013). In addition, high incidences 

of melanistic spots of skin (also called blotchy bass syndrome) in smallmouth bass from certain 

areas have been reported by anglers. The increase in prevalence and occurrence of melanistic 

spots over the years has generated interest among anglers, officials, and the media. 

 Reports of melanistic areas in smallmouth bass emerged in the 1980’s in New York and 

Pennsylvania. Further informal observations reported affected bass throughout their range in 

North America (Shull and Pulket 2005, Tennessee Wildlife Resources Agency 2008). However, 

spatial distribution of fish exhibiting the condition is unknown. The definitive cause and 

potential effects on fish have not been determined. The presence of the lesions, especially in the 

Susquehanna River, and lack of a known etiology has raised concern about the safety of human 

health and habitat condition. The Susquehanna and Potomac River Basins are known to be 
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impacted by agricultural runoff and wastewater effluent from municipal and industrial sources 

(Reif et al., 2012, Kolpin et al., 2013, Susquehanna River Management Plan 2011). Adverse 

effects in fish have been associated with exposure to chemicals found in these nonpoint and point 

sources of pollution (Blazer et al., 2007, Iwanowicz et al., 2009, Blazer et al., 2012, Blazer et al., 

2014). Chronic exposure to contaminants may also increase susceptibility to opportunistic 

infections that may contribute to skin diseases. High burden of disease in fish are key indicators 

of impaired aquatic ecosystems. For this reason, fish are often monitored as early warning 

systems to detect environmental degradation (Vethaak et al., 2009).  

 Biological responses to environmental stressors can occur at the cellular, organismal, and 

molecular level.  Previous biomonitoring studies have applied necropsy-based observations, 

plasma analyses, and histopathology, while fewer studies include gene expression analysis to 

evaluate contaminant and pathogen related effects. Histological changes are frequently used to 

detect cellular level responses that have manifested over long periods of time after chronic 

exposure to stressors (Schwaiger et al., 1997, Bernet 1999, Blazer et al., 2009, Iwanowicz et al., 

2012). Rapid responses to contaminants have been detected by molecular endpoints using gene 

expression analysis (Snell et al., 2003, Hahn et al., 2017). Therefore, to assess melanistic lesions, 

the objectives of this study are to 1) compare prevalence of melanistic areas among sites located 

in the Susquehanna and Potomac River drainages, 2) describe the lesions microscopically, and 3) 

compare gene expression in normal and affected skin in an attempt to better understand the 

mechanisms involved.  
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2.  Methods 

2.1. Sites and Field Collections 

 As part of an ongoing fish health monitoring and assessment study, 20 sexually mature 

smallmouth bass were collected at selected sites in the Susquehanna and Potomac River Basins 

by boat or backpack electroshocking (Figure 1 and Table 1). Each fish was euthanized by an 

over dose of tricaine methanosulfate (MS-222, Argent Labs, Redmond, WA). Weight (g) and 

total length (mm) were measured and documented. Any gross abnormalities were documented 

and a complete necropsy was performed. Sections of liver, spleen, posterior kidney, gonads, and 

any melanistic lesions were placed in 10% Z-fix (Anatech LTD, Battle Creek, MI) or PAXgene® 

fixative (Qiagen, Germantown, MD) for histological analysis. Skin scrapings and small sections 

of skin from melanistic areas and normal skin were collected and preserved in RNA later® (Life 

Technologies, Grand Island, NY). Samples were stored per manufacturer’s instructions. 

2.2 Histological Examination 

Collected tissue samples were trimmed and placed in EDTA for decalcification. Then 

each tissue was embedded in paraffin, sectioned at 6 m, stained with hematoxylin and eosin 

(H&E), and cover slipped. Slides were examined using light microscopy. Morphological changes 

in cells, inflammation, presence of immune cells, and proliferation of melanophores in different 

layers of the integument system were documented. Selected slides were melanin bleached using 

Luna’s method for melanin pigment removal (Luna 1992). Slides were placed in 0.20% aqueous 

potassium permanganate solution for 45 minutes. All other steps of the bleach staining protocol 

followed standard procedure as written by Luna (1992). Bleached slides were then stained with 

H&E. This allowed for better observation of the actual cell structure and condition. Selected 

slides were also stained by Masson Trichrome (American Mastertech Scientific INC, Lodi, CA) 



23 
 

following manufacturer’s protocol to selectively stain collagen, connective tissue and muscle and 

periodic acid-Schiff (PAS) followed procedure as written by Carson and Hladick (2009) to detect 

polysaccharides and mucins in the epidermis.  

2.3. RNA extractions and sequencing 

 Total RNA was extracted using the E.Z.N.A © Total RNA Kit I by Omega Bio-tek 

(Norcross, GA) following manufacturer’s protocol.  To evaluate RNA degradation, an RNA 

integrity number (RIN) was determined for each extracted sample by using the Agilent RNA 

6000 Nano Kit (Agilent Technologies, Santa Clara, CA) on the Agilent 2100 Bioanalzyer 

(Agilent Technologies, Santa Clara, CA).  Equal amounts of eluted RNA from six melanistic 

individuals and six normal individuals with a RIN score of six or higher were submitted to the 

Penn State Genomics Core Facility, University Park, PA for two runs of 150 nt single end read 

sequencing on an Illumina HiSeq2500 platform (Illumina, San Diego, CA). Libraries were made 

using the TruSeq Stranded mRNA Library Preparation Kit (Illumina, San Diego, CA). Eluted 

RNA extractions from all other skin samples were stored at -80 ˚C for nCounter® analysis.  

2.4. Preprocessing of raw reads and partial transcriptome assembly 

 All raw sequencing reads were sequentially processed by FastQC v0.11.5 (Andrews 

2010) and Trimmomatic V0.32 (Bolger et al., 2014). Adaptor sequences, poly-A tails, and low 

quality reads (Q < 20) were discarded. Read lengths longer than 36 bases were kept for further 

analysis. Trimmed reads were evaluated by FastQC for quality assessment. All surviving clean 

reads were concatenated into a single file for de novo transcriptome assembly by Trinity v2.4.0 

(Grabherr et al., 2011). Because the cDNA libraries were created by the strand specific dUTP 

method, the ss_lib_type parameter was set to R. All other parameters were set to default and 

included in silico normalization of reads. False positives and duplicate sequences were removed 
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by EvidentialGene using the tr2aacds pipeline (Gilbert 2013). Bowtie2 v2.3.2 (Langmead and 

Salzber 2012) was used to map trimmed reads back to the cleaned de novo transcriptome for 

quality assessment.  

2.5. Gene expression analysis   

 The transcriptome was annotated in Diamond v0.7.1 (Buchfink et al., 2015) using a 

comprehensive 58.7GB protein reference database provided by Robert Cornman, Fort Collins 

Science Center, Fort Collins, CO. The cleaned de novo transcriptome was indexed and the 

trimmed RNA-Seq reads were quasi-mapped to the indexed transcriptome by Salmon v0.8.1 

(Patro et al., 2015) to generate count tables of transcript-level abundances. Salmon count tables 

were used for differential expression analysis in R (R Development Core Team, 2008) using the 

Trimmed Mean of M-values (TMM) method in the Bioconductor package edgeR v3.4.0 

(Robinson et al., 2010). The false discovery rate was set to 0.05 and the minimum counts per 

million (CPM) of >1 was required in at least half of the samples per condition to be included in 

the analysis. A unique gene set was created for genes present in each skin condition among all 

samples.  

2.6. Custom CodeSet Nanostring nCounter® Analysis Assay 

The gene expression analysis and unique gene set list created by edgeR were used to 

identify genes of interest. Genes associated with melanogenesis, pathogen immune response, and 

contaminant responses were selected. Coding regions of genes of interest were identified using 

Geneious and BLASTx results. The target sequences of 57 genes and five housekeeping genes 

were provided to Nanostring Technologies (Seattle, WA) to create a Custom CodeSet for 

nCounter® analysis (Table 2). A total of 42 samples (14 samples of normal skin from unaffected 

fish, seven samples of normal skin from melanistic fish, and 21 samples of melanistic skin) were 
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used for the nCounter® analysis assay. All samples were quantified by Qubit (Thermo Fisher 

Scientific, Waltham, MA) and normalized to 5 ng/µl. The nCounter® analysis assay was 

conducted per manufacturer protocol. The created RCC files were used for further analysis.   

2.8. Normalization of nCounter analysis data 

 Quality control of gene expression data was performed by nSolver™ Analysis Software 

v4.0. Nanostring includes negative and spike-in positive controls as part of the quality control 

protocol. To adjust for background noise, the geometric mean plus three standard deviations of 

the negative control probes were subtracted from each sample. Normalization of the raw counts 

was performed using the positive controls and housekeeping genes in the Custom CodeSet. The 

geometric mean of the positive controls and housekeeping genes were added to each sample to 

adjust for sample difference due to experimental variation. Housekeeping genes included TATA 

box binding protein (TBP), elongation factor 1α (EF1α), β-actin (βACT), 40s ribosomal protein 

S12 (RPS12) and ribosomal protein L8 (RPL8). The stability and correlation of the housekeeping 

genes with the data were analyzed using Normfinder (Anderson et al., 2004). 

2.9. Statistical analysis 

The Bioconductor package NanoStringDiff (Wang et al., 2016) was used for differential 

expression analysis. Raw count data was normalized using the spike-in positive controls, 

negative controls, and all five housekeeping genes from the CodeSet. Differentially expressed 

genes were determined by using the generalized linear model (GLM) likelihood ratio. To reduce 

type 1 error, p-values were adjusted using the Benjamini and Hochberg method (Benjamini et al., 

2006). Genes with an adjusted p-value < 0.05 were considered differentially expressed.   
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3. Results 

3.1. Site Prevalence 

 In total, 1,067 smallmouth bass from 19 sites were collected with 120 smallmouth bass 

exhibiting melanistic lesions. Of these 19 sites, melanistic lesions were observed at 12 of the 

sites. Nine of these sites were in the Susquehanna River basin (Table 3) and three of the sites in 

the Potomac River basin (Table 4).  

3.2. Gross Examination 

 Melanistic spots that appear on skin of smallmouth bass are localized areas of black to 

dark brown pigmentation that are not generally raised but can occasionally appear slightly raised. 

Each melanistic spot is unevenly pigmented (Figure 2). Some melanistic areas had 

depigmentation along the periphery (Figure 2C). These spots typically occurred on the body, 

lips, and fins. Each affected bass had a variation in size and number of melanistic spots on the 

body. The smallest lesions had a diameter of 0.1 cm and the largest had a diameter of 40.7 cm. 

3.3. Histopathological Examination 

The pathology of melanistic areas in smallmouth bass is diverse. In most cases, the 

epidermis has thickened and contains an increased number of melanophores in the epidermis. 

The melanophores are frequently spindle to stellate in shape and less dense with melanin in the 

basal to intermediate layers of the epidermis. Melanophores in the superficial layers are more 

rounded in shape with numerous intracytoplasmic melanosomes in a dispersed state (Figure 3B 

and 4C). In some cases, melanophores are still present in the dermal-epidermal interface but are 

less dense with melanin, rounded or spindle in shape, and show mild proliferation compared to 

normal skin; however, it was common to see an absence of melanophores in the dermis in areas 
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of hyperpigmentation (Figures 3H and 4D). Typically, areas of hyperpigmentation exhibited 

pleomorphic melanophores; however, few cases showed only rounded melanophores with 

dispersed or aggregated melanin granules (Figure 4). Melanin granules tended to aggregate 

around keratinocytes or melanophores with cytologic atypia but no mitosis (Figure 3D). Luna’s 

method for melanin bleaching shows that these cells are hypertrophied with a clear cytoplasm 

that stains negatively with PAS and Masson Trichrome (Figure 5).  

Melanistic areas can have a loss in normal structure of the epidermis epithelium. 

Compared to normal skin, the cell stratification is lost and most epithelial cells are rounded to 

cuboidal in shape with centrally located nuclei throughout the epidermis (Figure 3F). Normally 

the cells closest to the basement membrane are columnar or elongated, more cuboidal or rounded 

cells occur in the intermediate layers, and squamous cells in the superficial layers (Figure 3D). It 

was common to have a loss of normal epidermis cell structure when there were an increased 

number of melanophores in the epidermis and intercellular atypia (Figure 5).  

The shapes, numbers, areas of proliferation, and density of melanin granules vary in 

melanistic areas. Some melanistic lesions contain melanin dense, rounded melanophores with 

little proliferation in the dermal-epidermal interface with epidermal thickening. Proliferation of 

rounded melanophores or spindle shaped melanophores was detected in tissue samples. Rounded 

melanophore proliferation of the dermis showed varying degrees in density of melanin granules, 

while spindle shaped melanophores remained melanin-dense. Melanophore proliferation was 

confined to the stratum spongiosum of the dermis (Figure 5). Melanophore numbers in the 

epidermis varied in areas of dermal melanophores hyperplasia. Melanophores could be absent, 

minimal or abundant in the epidermis and often spindle to stellate in shape (Figure 5). 

Transitional areas from melanistic areas of the integument to non-melanistic areas are often 
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devoid of melanophores in the dermis and epidermis (Figure 6A). However, there is still 

epithelial hyperplasia and loss of normal structure in non-melanistic and melanistic areas (Figure 

6B). Melanophores vary in shape, size, and amount of melanin in transitional areas with pigment 

containing cells in the epidermis (Figure 6C). 

Melanistic lesions can be accompanied by inflammatory cells in the epidermis and/or 

dermis. Eosinophilic granular cells (ECGs) are often present in the epidermis (Figure 7A) and 

infiltrating lymphocytes can be seen in the dermis or basal layers of the epidermis (Figure 7B). 

Some melanistic areas are highly infiltrated by EGC’s while other areas may contain a few EGCs 

in the epidermis.  

 One hyperpigmented lesion showed melanophore hyperplasia in the epidermis and 

pleomorphic, melanophores in an aggregated state that infiltrated deep into the stratum 

compactum of the dermis, suggesting neoplasia. Melanophores in the dermis congregated into 

small, loosely packed whorling bundles throughout the dermis. Epidermal melanophores were in 

an aggregated, rounded state and loosely scattered in all layers. Normal epidermal layering and 

cell shape were lost (Figure 8). Adjacent areas to melanophore hyperplasia consisted of dense 

areas of presumed iridophores. Iridophores proliferated in the stratum spongiosum to form large, 

rounded to indistinct shapes that occasionally contained densely packed, stellate melanophores. 

Iridophore proliferation that occurred in the stratum compactum was long, spindle shaped 

bundles. The epidermis in areas of iridophore hyperplasia had normal epithelium cell layering 

and structure (Figure 9). Spindle shaped melanophores and iridophores aggregated around large 

blood vessel endothelium (Figure 10). Additionally, there were melano-macrophage centers and 

spindle shaped melanin dense melanophores near nervous tissue. Areas of necrotic and normal 

nervous tissue were present (Figure 11).  



29 
 

3.4. De novo transcriptome assembly and quality assessment 

 Sequencing of the cDNA libraries of the smallmouth bass melanistic areas and normal 

areas of skin yielded a total of 648,055,499 single end raw reads. Removing adaptor sequences, 

poly-A tails, and low quality reads in Trimmomatic yielded a total of 642,833,734 trimmed 

reads. The de novo transcriptome assembly of clean reads containing both melanistic skin 

samples and normal skin samples generated a total of 541,225 transcripts with a GC content of 

45.64%. The average contig length for the assembly was 898.91 bases and the contig N50 was 

1,926. The removal of false positives and duplicate transcripts by EvidentialGenes resulted in a 

transcriptome of 108,911 transcripts with a GC content of 44.79%. The average contig length for 

the trimmed assembly was 851.03 bases and the contig N50 was 1,603 bases (Table 4). The 

trimmed reads were mapped back to the assembled transcripts with a 97.14% overall alignment 

rate. Therefore, the assembled transcripts were sufficient for further analysis.  

  Running the transcriptome through the Diamond program resulted in a total of 38,999 

annotated genes. After filtering for genes in edgeR that were present in at least half of the 

samples for each condition, 1,780 genes were downregulated and 732 genes were upregulated in 

melanistic skin compared to normal skin of smallmouth bass. Identification and filtering of 

unique genes expressed in each condition resulted in a total of 133 unique transcripts with only 

three genes found to be exclusively expressed in melanistic lesions which were annotated as 

papillomavirus helicase and two uncharacterized proteins. Of the differentially expressed and 

unique transcripts, 57 transcripts associated with melanogenesis, pathogen immune response, and 

contaminant responses were selected for the custom CodeSet for Nanostring nCounter® analysis.   
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3.5. Nanostring nCounter® analysis assay 

 Data from the nCounter® analysis assay determined 12 genes that were differentially 

expressed between melanistic and normal skin. L-dopachrome tautomerase (DCT) (p< 0.0001), 

melanocortin receptor 5 (MC5R) (p<0.0001), micropthalmia-associated transcription factor 

(MITF) (p<0.0001), melanocyte protein PMEL-like (PMEL) (p<0.0001), tyrosinase (TYR) (p 

p<0.0001), tyrosinase-related protein 1 (TYRP1) (p<0.0001), Ras-related protein Rab-38 

(Rab38)  (p<0.0001), RAC-alpha serine threonine-kinase (Akt1) (p=0.0033), papillomavirus 

helicase (E1) (p<0.0001), and metallothionein (MT1) (p=0.0004) were found to be upregulated 

in melanistic areas of smallmouth bass. The data revealed an average count of 179.11 of E1 with 

a range of 636.16 counts in melanistic areas (Table 5). Samples from normal areas had negligible 

counts (≤12.64) of E1. Keratin type II cytoskeletal 8 (KRT8) (p=0.0162) was downregulated in 

melanistic lesions (Figure 12 and Table 5).  

4. Discussion 

4.1. Site Prevalence 

The data presented suggests that sites sampled from the Susquehanna River basin showed 

higher occurrence rates of smallmouth bass with melanistic lesions compared to sites from the 

Potomac River basin. However, there were limited sites in the Potomac drainage. Susquehanna 

River sites sampled in the fall and spring had lower occurrence rates in the fall but some sites 

from the Potomac River had a higher occurrence in the fall. It is of interest to note that the year 

of 2014 had the lowest occurrence rate in all sites compared to all other years that sampling took 

place (Table 3). Water quality data from the National Water Information System (NWIS) (USGS 

2018) have not shown any significant differences in stream levels, temperature, or pH to indicate 
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any possible causes for such a low prevalence of melanistic lesions in the year of 2014. 

Considering that many sites were not consistently sampled in the fall, it is inconclusive as to 

whether melanistic areas of smallmouth bass appear more in the fall or spring.  

The few sites that were consistently sampled were Pine Creek, Mahantango Creek, and 

Chillisquaque Creek of the Susquehanna and South Branch Potomac River at Old Fields of the 

Potomac River basin. Land uses among these sites consist of forested areas and agriculture. Pine 

Creek is considered to be a minimally impacted aquatic ecosystem that is in a heavily forested 

area. However, row crop agriculture is still present at this site. The South Branch Potomac River 

at Old Fields is impacted by agriculture, specifically poultry. These two sites had the lowest 

prevalence rate (≤ 10%) of melanistic bass between all the sites (Table 3).  Mahantango Creek 

and Chillisquaque Creek are predominately impacted by row crop agriculture. These two sites 

had the highest prevalence rates (≤ 55%) among all the sites (Table 3).  

The adverse effects of agrochemicals and nutrient overloads have been studied on aquatic 

organisms such as alterations in development, behavior, reproduction, and immune function; 

however, there are little data on the effects of pigmentation in fish. It is of interest to note that 

these sites could be impacted from acid mine drainage (AMD) from the Upper and Middle 

Susquehanna sub-basins (Susquehanna River Basin Commission 2003). Affects from AMD 

include increases in metals such as arsenic, iron, and cadmium and low pH in the mining effluent 

that can contaminate soils, surface water and groundwater (Akcil and Koldas 2005). Arsenic and 

cadmium have been shown to cause hyperpigmentation in fish and mammals (Allen et al., 2004, 

Yajima et al., 2017). 
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4.2. Histopathology 

 Histological assessment of melanistic lesions did show differences compared to normal 

skin of smallmouth bass. Melanistic areas consistently demonstrated areas of melanophore 

proliferation in either the epidermal-dermal interface, epidermis, or both. The size, number, and 

shape of melanophores varied in individual fish. The areas were also accompanied by infiltration 

of varying degrees of inflammatory cells, epidermal hyperplasia, loss of epidermal construct, and 

epithelial cell atypia. These findings led to a diverse pathology of melanistic lesions in 

smallmouth bass.     

 Progression of melanotic hyperpigmentation appears to occur in a stepwise fashion. 

Melanophore migration from the dermis to the epidermis may begin by pigment cell hyperplasia 

in the dermal-epidermal interface and thickening of the epidermis. As melanophores migrate to 

the epidermis, pigmentation of the dermis is lost (Figure 5). This process of tissue migration may 

be enabled due to the shared ontogenetic origin with neurons, allowing melanophores to be 

dendritic cells (Elliot 2000, Zuasti 2002, Costin and Hearing 2007). Melanophores rely on 

microtubules in an intracellular process to enable mobility of the pigment cells in the integument 

to create changes in color by aggregating and dispersing melanoproteins in pseudopodia (Kotz 

and Mcniven 1994). This process is extensively regulated by α-melanophore stimulating 

hormone (α-MSH) and melanin concentrating hormone (MCH). Melanophore stimulating 

hormone is derived from pro-opiomelancortin (POMC) and is responsible for dispersing melanin 

granules, creating dark pigmentation (Slominski et al., 2004, Amano and Takahashi 2009). 

Conversely, MCH aggregates melanin molecules causing a blanching effect (Fujii 2000, Zuasti 

2002). Hormonal control of pigmentation in conjunction with the nervous system control is 
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responsible for rapid changes in color pattern, known as physiological color changes (Fujii 

2000).  

Although melanomas have been identified in brown bullhead and Xiphophorous species 

(Okihiro et al., 1993, Blazer et al., 2007b, Baumann and Okihiro 2000), the melanistic areas in 

smallmouth bass are not determined to be neoplastic with one possible exception. Melanomas are 

considered non-encapsulated lesions with pleomorphic melanophores infiltrating the stratum 

compactum of the dermis and being well vascularized. The pleomorphic populations are often 

tightly packed spindle to stellate melanophores arranged in whorling bundles (Okihiro et al., 

1993). With the exception of one sample, the melanistic areas in smallmouth bass do contain 

pleomorphic melanophores; however, these pigment cells are restricted to the epidermis and 

stratum compactum with no vascularization. Smallmouth bass melanophore populations in the 

epidermis of melanistic spots consisted of rounded to spindle shapes dispersed throughout the 

multiple epithelial layers (Figures 3 and 5). Evidence of neoplastic cells was not found. 

Progression of melanistic areas to melanomas in smallmouth bass is unknown.    

Microscopically, melanistic lesions in smallmouth bass were similar to reports of 

hyperpigmented areas in common dab (Limanda limanda). Noguera et al. (2013) documented 

loss of normal epithelial construction, infiltration of lymphocytes in the dermis, and presence of 

eosinophilic granular cells in the epidermis in hyperpigmentated areas of common dab from the 

North Sea. The presence of inflammatory cells in the common dab was contributed to bacterial 

growth on the integument. Although bacterial pathogens were not observed in smallmouth bass, 

the trematodes in the muscle tissue could be responsible for EGCs and lymphocytes in the 

epidermis. Lymphocytes in the epidermis are normal for some teleosts; however, increased 



34 
 

numbers of inflammatory cells in smallmouth bass epidermis could be caused by other pathogens 

and irritants in the water.  

Epidermal proliferation which consequently results in a thickened epidermis is a common 

protective response in fish. Thickening of the epidermis has been reported to occur during 

infection from parasites, pathogens and contaminants. Buckmann et al. (2001) documented 

hyperplasia of epidermal cells after infection of Ichthyophthirius multifiliis (Ich). Virus inducing 

epidermal hyperplasia in fish have been documented in the common carp (Cyprinus carpio) 

infected by the herpesvirus and walleye (Stizostedion vitreum) infected by iridovirus. In both 

instances, discrete epidermal hyperplasia was observed more frequently in the early spring and 

fall compared to the summer months (Yamamoto et al., 1985, Hedrick et al., 1990). Increases in 

melanophores, epidermal thickening, and decrease in mucous cells were observed in carp after 

water was treated with manure and wastewater (Iger et al., 1988). Epidermal hyperplasia may be 

due to the migration and change of structure of epidermal cells that occurs for wound repair that 

can occur from pathogens and contaminants. Migrating epithelial cells provide further protection 

via proteolytic and phagocytic activity that aids in the immune function of the skin by uptake of 

antigens (Elliott 2000).  

Melanin is a biopolymer that has many physiological properties that function to protect 

the cell. The pigment molecules are free radical scavengers that shield against reactive oxygen 

species (ROS) that can occur from UV radiation, environmental stress, or chemical substances 

(Otreba et al., 2014). It is known that humans increase melanin production after UV radiation 

causing hyperpigmentation of the skin. In fish, suntanned red seabream were shown to have an 

increased abundance of melanophores in the epidermis after UV exposure compared to shaded 

seabream (Adachi et al. 2005).  Smallmouth bass tend to reside in the littoral zone and would 
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receive attenuated UV light. Melanistic areas may be a product of chronic UV radiation in more 

damaged areas of the integument. However, if this was the case, we would expect to see more 

hyperpigmented areas on the dorsal aspect of the body. In this study, melanistic areas of 

smallmouth bass occurred on the lateral surface and fins with fewer lesions on the dorsal surface.  

Polycyclic aromatic hydrocarbons (PAHs) and polycyclic chlorinated biphenyls (PCBs) 

have been linked to inducing hyperpigmentation in mammals, fish, and Xenopus laevus (Okihiro 

et al., 1993, Baumann and Okihiro 2000, Fisher et al., 2003). Kimura et al. (1984) were able to 

promote pigment cell hyperplasia by exposure to 7, 12-dimethylbenz[a]anthracene, a PAH, and 

N-methyl-N’ nitrosoguanidine in Nibea mitsukurii. Interestingly, PCBs and PAHs, such as 

dimethylbenz[a]anthracene, have been detected in parts of the Susquehanna and Potomac Rivers 

(Ko and Baker 2004). Melanophores have also been shown to respond to common herbicides, 

insecticides, and heavy metals by increasing pigment production. Allen et al. (2004) showed that 

melanophores of fish can be biomarkers for arsenic exposure. Meanwhile, Luga et al. (2008) 

identified atrazine, arsenic, ammonia, and phenol as contaminants that induce hyperpigmentation 

in Xenopus. The direct pathway on how these contaminants affect melanophores is unknown. It 

could be possible that the xenobiotics interfere with the normal neural, hormonal and genetic 

regulation of melanogenesis. 

4.3. Gene Expression Analysis  

 Differential gene expression analysis of melanistic skin lesions and normal skin from 

smallmouth bass identified a total of eleven differentially expressed genes (Figure 12). Over half 

of the identified genes, including DCT, MC5R, MITF, PMEL, Rab38, TYR, and TYRP-1, are 

associated with the production of melanin. Upregulation of melanogenesis genes corresponds 

with the gross and histological assessments of melanistic lesions. The expression of 
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papillomavirus helicase (E1), a protein essential for viral replication, was also identified in 

melanistic samples. Additional differentially expressed genes associated with responses to 

pathogens and contaminants including KRT8, Akt1, and MT-1 were also noted. 

 Melanogenesis is the production of melanin and is regulated by gene products. Melanin 

biogenesis involves sub-sequential steps of oxidation of L-tyrosine. The first and most rate 

limiting step is the oxidation of L-tyrosine by TYR to dopaquinone (Mason 1948, Riley 1997, 

Busca and Bolloti 2000, Shallreuter et al., 2007). The next oxidation steps are catalyzed by DCT 

and TYRP-1 (Mason 1948, Riley 1997). Expression of these genes is regulated by binding of 

peptide hormones to five different melanocortin receptors (MCR) on melanophore cells that 

activate the expression of MITF (Busca and Ballotti 2000, Slominski et al., 2004, Hou and Pavan 

2008). Micropthalmia-associated transcription factor is considered the master regulator of genes 

necessary for melanogenesis, cell growth, and survival by binding to promoter regions of direct 

targets (Cheli et al., 2009).  

  Melanophores produce membrane bound organelles called melanosomes that are 

responsible for producing pigment by melanogenesis. Melanosomes have four morphologically 

distinct stages of maturation that rely on the temporal and spatial signaling of over 100 proteins, 

including PMEL and Rab38 (Costin and Hearing 2007). The PMEL gene is needed for 

melanosome structure formation and maturation for transition of Stage I to Stage II 

melanosomes. Early stages of melanosomes require the formation of PMEL fibrils that form the 

melanosomal matrix where melanin will be deposited in late stages of maturation (Hellstrom et 

al., 2010, Sitaram and Marks 2012). Members of the Rab family are small GTPases that bind to 

membranes and recruit proteins. Activation of Rab38 regulates the transport of TYR, TYRP-1, 

and DCT to Stage II melanosomes. Transport of the catalyzing enzymes allows further 
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maturation to Stage III and Stage IV melanosomes (Wasmeier et al., 2006, Sitaram and Marks 

2012).   

The data in this study shows upregulation of DCT, TYR, TYRP-1, MC5R, MITF, PMEL, 

and Rab38 in melanistic areas when compared to normal skin. These results are consistent with 

the findings in gene expression profiling in black color morphs of tilapia (Oreochromis spp.), 

zebrafish (Danio rerio), and crimson snapper (Lutjanus erythropterus). Each study found DCT 

and PMEL to be the most differentially expressed genes in black skin (Higdon et al., 2013, 

Zhang et al., 2015, Zhu et al., 2016). The findings in this study suggest that the 

hyperpigmentated areas of smallmouth bass are caused by upregulation of melanin biogenesis 

and melanosome formation.    

 The unique gene set identified a papillomavirus helicase (E1) expressed exclusively in 

melanistic areas from RNA-Seq data. The papillomavirus helicase is one of eight early open 

reading frames (E1-E8) encoded in the 8kb genome and is the primary replication initiator 

protein (Zheng and Baker 2006). Papillomaviruses infect epithelium of their hosts and rely on 

epithelial differentiation for further replication and maturation (Zheng and Baker 2006, Mcbride 

2008). Initial infection begins with the basal epithelial cells. The virus and the epithelial cell 

replicate together into the intermediate layers of the epidermis where the viral copy number is 

maintained at low levels (50-100 copies). At this stage of maturation, only E1-E8 genes are 

expressed. Once the viral genome reaches the apical layers, copy numbers per cell are 

approximately over 1,000 and all early and late genes are expressed (Stanley 2012, Fernandes et 

al., 2013).  

 To our knowledge, only one papillomavirus infection has been identified in fish. Lόpez-

Bueno et al. (2016) identified a co-infection of papillomavirus, polyomavirus, and iridovirus in 
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lymphocystis lesions of gilthead seabream (Sparus aurata). Papillomavirus is frequently studied 

in humans and bovine and has been documented to induce pigmented lesions; however, the 

mechanism of papillomavirus induced pigmentation has not been elucidated (Egawa et al., 

1998). E1 may be the only early open reading frame with a conservative sequence, which may be 

the reason E1 was the only early protein identified in melanistic lesions of smallmouth bass. The 

papillomavirus may also be in the early stages of replication which could explain the counts 

below 1,000 detected by nCounter®. This may also coincide with the loss of normal epithelial 

cell structure of the intermediate layers in the epidermis observed microscopically. The loss in 

structure could be caused by the binding of the papillomavirus to KRT8, which forms the 

structure of the cytoskeleton of the cell. Binding to KRT8 causes downregulation of the protein 

and consequently a keratin network collapse (Wang et al., 2004). Downregulation of KRT8 was 

observed in melanistic areas compared to normal skin.  

 Data from the nCounter® analysis showed upregulation of Akt1 in melanistic lesions. 

The Akt1 gene has pivotal roles in apoptosis, differentiation, and proliferation of cells (Di-Poi et 

al., 2002). In mammals, Akt1 is part of the critical phosphatidylinositol 3-kinase (PI3K)/Akt/ 

mammalian target of rapamycin (mTor) cascade pathway that is activated during a host response 

to viral infection (Meier et al., 2005). The PI3K/Akt/mTor cascade initiated by viral infection 

regulates autophagy of infected cells to degrade intracellular pathogens. In order for survival, 

viruses have evaded autophagy by increasing Akt regulation to prevent apoptosis. Studies have 

shown that the human papillomavirus is capable of activating Akt1 and consequently 

downregulate apoptotic proteins. This tactic causes hyperproliferation and inhibition of 

differentiation of infected cells, which in turn increases viral survival rate and time for 

replication to occur in keratinocytes (Menges et al., 2006, Charette and McCance 2007, 
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Surviladze et al., 2012). The regulation of apoptosis through Akt may also be important in tumor 

progression. It is of interest to note that upregulation of Akt has been documented in melanomas 

due to the gene’s ability to inactivate proapototic proteins such as BAD (Di-Poi et al., 2002, 

Meier et al., 2005).  

 Melanistic areas also showed upregulation of the metal-binding protein, metallothionein 

(MT-1). The dysregulation of MT-1 is often used as a biomarker for heavy metal toxicity in 

laboratory and wild caught fish. Although expression of MT-1 is commonly studied in the liver, 

all tissues have the capacity to synthesize the protein. The MT-1 functions as protection against 

metals and oxidative stress inside the cell by binding to heavy metals and trace metals such as 

copper, silver, cadmium, zinc, arsenic, iron, and mercury (Amiard et al., 2006, Benhamed et al., 

2016, Hallauer et al., 2016). Metallothionein’s function to react to ROS by acting as a free 

radical scavenger is similar to one of the many physiological properties of melanin. It is also of 

interest to note that melanophores have been studied as biomarkers to heavy metals such as 

cadmium, arsenic, mercury, and lead. Melanophores react to heavy metals by dispersing pigment 

granules, resulting in hyperpigmentation (Allen et al., 2004, Singh et al., 2015). Induction of 

MT-1 can also occur by certain viral and parasitic infections. Kral et al. (2015) documented a 

20% to 30% increase of MT-1 expression in roe deer (Capreolus capreolus) infected with the 

papillomavirus compared to normal skin. Induction of metallothionein proteins has also been 

demonstrated in tissues infected with the influenza A virus and hepatitis C virus and is 

implicated with the response to the production of ROS (Ghoshal et al., 2001, Carrera et al., 

2003).  

 The upregulation of MITF, DCT, MC5R, PMEL, TYR, TYRP-1, and Rab38 and certain 

strains of the papillomavirus have been implicated in neoplastic lesions. The upregulation of 
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Akt1 does raise concern of possible neoplastic changes in melanistic areas of smallmouth bass. 

However, other proto-oncogenes and tumor suppressor genes included in the CodeSet such as 

apoptosis-stimulating of p53 protein (TP53BP), mitogen-activated kinase 1 (MAPK1), 

serine/threonine-protein kinase B-raf (BRAF), and ras-related and estrogen-regulated inhibitor 

(RERG) were not found to be differentially expressed. The dysregulation of these genes have 

been described in melanomas in zebrafish and channel catfish (Ictalurus punctatus). These data 

do correlate with the histopathology of the lesions in smallmouth bass, with the exception of one 

unique sample; neoplastic cells or any indications of melanoma were not present in the majority 

of the melanistic lesions of smallmouth bass.    

 Various immune function genes in response to pathogens were also included in the 

Custom CodeSet but were not found to be differentially regulated, even though the E1 protein 

from the papillomavirus was detected. The skin acts as the first line of defense against infectious 

pathogens that are present in the aquatic environment. Exposure to bacteria or viruses has been 

previously reported from smallmouth bass in these drainages (Blazer et al., 2010, Smith et al., 

2015). The immune function genes we tried to evaluate may be upregulated in wild, normal 

smallmouth bass skin due to exposure of pathogens in the wild and therefore were not found to 

be differentially expressed in melanistic lesions. 

4.4. Conclusions 

 This project was presented with some limitations which included the small sample size 

used for the nCounter® analysis and the use of only wild smallmouth bass that exhibited normal-

appearing skin. A larger sample size that included feral smallmouth bass with normal and 

melanistic skin and laboratory smallmouth bass could yield very different results for the gene 

expression analysis. Inclusion of laboratory controls could aid in further detection of various 
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contaminants and pathogens that may have been potentially present in a majority of the fish used 

in this study, consequently causing so few differentially expressed genes. The small sample size 

included a couple of sites with only one to two melanistic lesions collected which prevented 

comparing site differences in the gene expression analysis. Results from the histopathology 

assessment and gene expression analysis of melanistic lesions have given evidence to look at 

contaminants and allow further analysis for viruses as potential causes of melanistic areas and 

their effects on smallmouth bass health.  
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Figures 

Figure 1. Map of sites sampled in Chesapeake Bay drainage in this study. 
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Figure 2. Grossly, melanistic areas of smallmouth bass are black to brown lesions on the body, fins, 

and mouth. A&B. Melanistic lesions that vary in size and number on each fish. C. Some melanistic 

lesions have depigmentation around the periphery. D. Melanistic lesions are unevenly pigmented.  
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Figure 3. Comparison of normal and melanistic skin in smallmouth bass. A. Normal epidermis of smallmouth bass 

contains large mucous cells in the intermediate to superficial layers of the epidermis (small arrow). Melanophores are 

typically not present in the epidermis. B. Melanistic areas contain melanophores in the epidermis and dermal-epidermal 

interface (arrows) with a thickened epidermis (a). C. Normal skin contains small, somewhat elongated melanophores in 

the dermis (small arrow). D. Melanistic lesions often contain melanophores in the epidermis that appear less dense with 

melanin granules compared to melanophores found in the dermis of normal skin. Melanophores often appear rounded 

in the superficial layers of the epidermis (small arrow) and are spindle in shape in intermediate to basal layers of the 

epidermis (large arrow). E. Epithelial cell layering and structure of normal teleost integument with the apical layers 

containing squamous cells, cuboidal cells in the intermediate layers, and columnar cells in the basal layers.  F. Loss of 

epithelial cell structure and layering in the intermediate layers of melanistic lesions. G. Higher magnification of normal 

melanophores in the dermis of normal skin. H. Higher magnification of melanophores in dermis of some melanistic 

areas. Melanophores are larger and pleomorphic in shape. Bar = 5 µm. H& E stain. 
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Figure 4. Cross sections of melanistic lesions in smallmouth bass. A. Some melanistic lesions contain melanin dense, 

rounded melanophores in the dermal-epidermal interface (small arrow). The epidermis has thickened and epidermis does 

not contain pigment cells (large arrows). B. Large melanophores with dispersed pigment granules can exhibit slight 

proliferation in the dermal-epidermal interface. Often in these areas some small melanophores are present in the epidermis 

(arrows). C. Spindle shaped, melanin dense melanophores in the dermis as well as spindle to stellate shaped melanophores 

in the epidermis. D. Melanophore hyperplasia in the dermis and epidermis. These pigment cells are often pleomorphic in 

shape and less dense with melanin. E. Increased number of pleomorphic, melanin dense melanophores in the epidermis 

but are absent in dermis. F. Melanophores are absent in the dermis but are present in the epidermis. These melanophores 

are not as dense with melanin granules and vary in shape and size throughout the layers of the epidermis. G. Some 

melanistic lesions only contained rounded, melanin sparse melanophores in the epidermis. The normal structure of the 

epidermis is lost and all epithelial cells are the same shape. H. Rounded melanophores in the epidermis can also appear to 

be melanin dense. Bar = 5 µm. H&E stain. 
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  Figure 5. Serial cross sections of melanistic lesions using H&E staining and special stains. Arrows  

show melanophores with vacuolated cytoplasms that stain negatively with PAS and Masson Trichrome.  

Bar = 5 µm. 
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Figure 6. Transitional areas of melanistic lesions. A. Typical transitional area of nonmelanistic area (a) to 

melanistic area (b). These areas are often devoid of melanophores in the epidermis and dermis but epidermal 

hyperplasia is still present. B. Higher magnification of area (a) shows an absent of melanophores in the dermis 

and epidermis and the intermediate layering of epidermal epithelium is lost. C. Higher magnification of area (b) 

shows pleomorphic melanophores in the epidermis and also a loss in normal epithelial structure. Bar = 5 µm. 

H&E stain. 
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Figure 7. Melanistic areas accompanied by inflammatory cells and parasites. A. A few eosinophilic 

granular cells (EGCs) (large arrows) in the epidermis and lymphocytes (small arrows) in the epidermis 

and dermis are present in areas of hyperpigmentation. B. A melanistic area with infiltrated with many 

EGCs (arrows) in the basal and intermediate layers of the epidermis. C. Higher magnification of EGCs in 

the epidermis. D. Higher magnification of lymphocytes (arrows) in the epidermis and in the dermis. E. A 

parasite in muscle tissue that appears to be a trematode was detected in multiple melanistic smallmouth 

bass. Bar = 5 µm. H&E stain. 
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Figure 8. Melanistic lesion with melanophores infiltrating into the dermis. A. Melanophore hyperplasia  

deep in the dermis (b) with some melanophores (arrow) in the epidermis (a). B. Melanophores in the 

epidermis in areas of melanophores hyperplasia in the dermis. C. Higher magnification of pigment cells in 

the dermis shows melanophores in a whorling pattern. D. Higher magnification of epidermal 

melanophores in areas of the epidermis that does not have distinct layering compared to normal skin. E. 

Higher magnification of dermis shows that the melanophores are pleomorphic in shape and melanin 

dense. F. Higher magnification of epidermis shows rounded and melanin dense melanophores. Bar = 5 

µm. H&E stain. 
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Figure 9. Hyperplasia of presumed iridophores in the dermis. A. Stellate melanophores (arrow) are 

present in large areas of iridophore hyperplasia. Iridophore proliferation in the stratum compactum were 

long, discontinuous rows. B. The epidermis in areas of iridophore proliferation showed some proliferation 

and devoid of any pigment cells. C. Higher magnification of melanophores in a dispersed state in an area 

of iridophore hyperplasia. D. Higher magnificiation of the epidermis shows absence of melanophores and 

iridophores and atypical intermediate layer of epithelial cells. Bar = 5 µm. H&E stain. 
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Figure 10. Melano-macrophage aggregates and pigment cell congregations around blood vessel 

endothelium and nervous tissue.  A. Melano-macrophage aggregate adjacent to a large blood vessel. 

Spindle shaped melanophores and presumed iridophores hve infiltrated blood vessel endothelium. Areas 

of necrotic (a) and normal (b) nervous tissue are present. B.Higher magnification of necrotic nervous 

tissue. C. Higher magnification of normal tissue. Bar = 5 µm. H&E stain. 
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Figure 11. Melano-macrophage aggregates in melanistic lesions. A. A large melano-macrophage 

aggregate present in an area of multiple small nerve bundles. B. Higher magnification of melano-

macrophage aggregate. Bar = 5 µm. H&E stain. 
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 Figure 12. Average counts of differentially expressed genes between melanistic skin lesions and normal 

skin of smallmouth bass.  
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Tables 

 

Table 1. Sites selected from the Potomac and Susquehanna River Basin that were sampled between 2013 

and 2017. 
Waterbody 

Site ID Basin Latitude Longitude 
Years 

South Branch Potomac 

River at Old Fields 

(Moorefield, WV) 
SB3 Potomac 39.10407 -78.9577 2013-2017 

South Branch Potomac 

River at Welton Park, 

Petersburg, WV 
SB1 Potomac 38.99917 -79.0862 2013 

Monocacy River at Pine 

Cliff Park 
MS4 Potomac 39.5869 -78.7375 2013 

Potomac River, below 

Antietam Creek, MD 
MS5 Potomac 39.41431 -77.7463 

2013, 2015-

2017 

North Branch Potomac 

River below 

Cumberland WWTP 
LP3 Potomac 39.38779 -77.3798 2013,2014 

North Fork Shenandoah 

at Strasburg Landing, 

VA 

SR3 Potomac 38.97432 -78.3551 2014, 2016 

South Fork Shenandoah 

at White House, Luray, 

VA 

SR2 Potomac 38.64607 -78.5345 2014, 2016 

Pine Creek at Hamilton 

Bottom 
PINE Susquehanna 41.28296 -77.3215 2014-2017 

Juniata River at Howe 

Township Park 
JUN Susquehanna 40.49203 -77.098 2014-2016 

Susquehanna River at 

Harrisburg 
SUSHA Susquehanna 40.3186 -76.8988 2013 

Susquehanna River at 

Selinsgrove 
SUSSEL Susquehanna 40.65133 -76.9232 2013 

Susquehanna West 

Mahantango Creek 
SUSMA Susquehanna 40.6478 -76.943 

2013, 2014-

2017 

Loyalsock Creek SUSLOY Susquehanna 41.24099 -76.9377 2013, 2014 

Wyalusing Creek 
SUSWY

A 
Susquehanna 41.69748 -76.2309 

2013, 

2015,2016 

Chillisquaque Creek CHILI Susquehanna 40.94163 -76.85 2013-2017 

Swatara Creek SWAT Susquehanna 40.21237 -76.721 2014 

Tuscarora Creek TUSC Susquehanna 40.51553 -77.4195 2014 

West Branch 

Susquehanna River at 

McElhattan 

WSUS Susquehanna 41.16289 -77.3272 2014,2015 

Bald Eagle Creek BE Susquehanna 41.12429 -77.4413 2014,2015 
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Table 2. The target sequences of the genes of interest used in creating the Custom Nanostring 

nCounter® CodeSet for each species. Tm CP indicates melting temperature of the capture probe and Tm 

RP indicates the melting temperature of the reporter probe. * indicates housekeeping genes.   

Gene Tm 
CP 

Tm 
RP 

Target Sequence 

 

Actin β (βACT)* 86 85 

GTACGTTGCCATCCAGGCTGTGCTGTCCCTGTATGCCTCTGGT

CGTACCACTGGTATCGTCATGGACTCCGGTGATGGTGTGACCC

ACACAGTGCCCATC 

RAC-alpha serine 

threonine-kinase 
(AKT1) 

84 82 

AGGTCTACCTGACCAAAATCAGACACAAAGTGACTATGCACG

ACTTTGAATACCTCAAACTCCTGGGAAAAGGCACTTTTGGCAA

AGTTATCCTGGTAAA 

Androgen Receptor 

alpha (ARA) 

 

85 86 

GACTGCACCATCGACAAACTGAGGCGGAAAAACTGCGCCTCG

TGCCGTTTAAAGAGATGCTTCATGTCGGGAATGAGCCTTAAA

GGTCGCAGGCTAAAGG 

Androgen Receptor beta 

(ARB) 
83 84 

ATTAACTATCGAATGACCACCAACTGCTCTCAGAGGTTCTACC

AACTCACCCGAGTCCTGGACTCTCTCCAGATGACGGTCAAGA

AGCTCCATCAGTTTA 

Arginase (ARG1) 85 85 

TGAGGGATATTGACAGACTGGGCATTCAAAGGGTCATGGAAG

TCACTCTTGACCATCTCCTGGCAAGAAAACAGCGACCGATCC

ACTTGAGCTTTGACAT 

BCL-2 85 82 

GATGACAGAGTACTTAAACGGACCTCTGAACAGCTGGATACA

AGATAACGGGGGATGGGTAGGTCTGATTCCGTGTAGTTGAGC

GCTTTGCAGTTGTGTG 

serine/threonine-protein 

kinase B-raf (BRAF) 
91 92 

GTTACCTGTCTCCTGACCTCAGCAAGGTGCGCAGCAACTGTCC

GAAGGCCATGAAGAGACTGATGGCTGACTGCCTGAAGAAGAA

GAGAGAGGAGCGGCC 

Caspase 3 (CASP3) 80 80 

CTCTCCAAACACCTCAACGTATCAAGCTGCTTCTTCCTGTATC

CGTGGAAGGTCTGATGCAAGGCGTCCGTTATGTCTCTCTCTAA

CTTTGTGTCCCTGG 

Catalase (CAT) 84 82 

GCCCAGCTCTTCATCCAGAAACGCATGGTCGAGAATTTGAAG

GCTGTCCATCCACACTATGGAAACCGAGTTCAGGCTCTTCTTG

ACAAGTACAATGTGG 

C-C motif chemokine 4-

like (MIP-b) (CCL4) 
83 79 

GCAATGGAATTGGTCCTGATGACTGCTGCTTCAAATTCTACCC

AAGAAGATTGAACAAAAACCTCATCACTTCATATTACATGAC

TGATTACCGGTGCCC 

T-cell surface antigen 

CD2 (CD2) 
88 91 

GGGATAAAGTGGGACTCAGGATGCTTTCTGTAAGCAAACTCG

AGCCTGACTCCATCAGCCCCGACTATGAGACTATGCACCCGA

CTGAGGACTCTCCACC 

CD4 85 82 

GACGTCAGCTGTGATAATGCTAAAGATCGAGCCCAAGCTGAG

TGTGTGGATGAAGTTGACCATATGCAGTGCCACAGTCATCATA

ATCCTCCTCACCATC 

CD8 alpha chain 

(CD8A) 
84 83 

CATCAGCTGTGAACCTGGTGAGATGGGAACCATGATCATCTG

GTTTCGAGTGCTGGACAACTCTGGGATGGAATTCATTGCATCT

TTTAGTACCAGCGGC 

C-X-C motif chemokine 

11-like (I-TAC) 

(CXCL11) 

78 85 

CTCTCATCACTGATGTCAAGGAGATTGATCCTCTTCCATATTG

CAACAAGAAAGAAGTCATTGTCACACTGAGAGATAACAGCCA

AAGGTGTCTTGACCC 

CYP1A 83 78 

CAGCTCAACACTGTTATGAAGGCTGAAGGCAGTTTCGACCCA

TTCCGCTACATCGTTGTCTCTGTTGCTAATGTGATCTGTGCCAT

GTGCTTTGGCCGAC 
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CYP2 81 83 

TCATGAAACTTATGAAGTGGTTTGACAAAGCTCTCCAGATTGA

AGGCTCCATCTGGGCACAGCTTTACAACTCATTCCCTCTGCTG

ATGAGAAGTTTGCC 

CYP3A 79 82 

TTCGGCACTATGCTGGCATATAAAAAGGGATTCATGCACTTTG

ATTCGGAGTGCTTCAAGAAATATGGGAAAACATGGGGCATTT

TTGATGGCCGTCAGC 

L-dopachrome 

tautomerase (DCT) 
84 84 

CTGTGTTTGTGCTGGGCTCCACTCTAGGAGGAGTCTTCATCGG

TCTCCTGGTGCTTCTCCTAATCTTTGTGCTCTACCTGCGTCAGC

GGAGAAACAGAGG 

Papillomavirus Helicase 

(E1) 
79 84 

TGTGATTTCAAGCCTAGCTGATAGTGGGTGTGTCGTTATTGAA

GACCCAAGTCCAGAAGGTATACGGTACATAGATAAGGCACTT

AGACCACACCTTGAT 

Elongation factor 1A 

(EF1A)* 
85 85 

AGATCAACGCAGGTTACGCACCTGTGCTGGATTGCCACACAG

CTCACATTGCCTGCAAGTTCAAGGAGCTCATCGAGAAGATCG

ACCGTCGTTCTGGCAA 

Epidermal Growth 

Factor Receptor (EGFR) 
86 84 

GGTCTGTGGGTTCCAGAAGGAGAGGATGTGAAGATCCCAGTG

GCCATCAAAGTTTTGAGAGAGGCCACATCACCAAAAGCAAAC

AAAGAGATCTTGGACG 

eosinophil peroxidase-

like (EPXL) 
84 80 

CAGCTTACCGCTTCGCACACTTGGCCATCCAGCCATTCATTCC

CCGCCTGGATGCAAACAACAGAGAGAACTCTCAGTTCCCCAA

TGTCCCTTTGTTCAA 

G Couple Estrogen 

Receptor (GPER) 
79 82 

GCTTTGCCAACGTCTTTGAGATTCAGTGGCTGGAGGTAACCAT

TGGCTTTTTGGTGCCCTTCTCTGTCATTGGTCTATGCTACTCTC

TGATTGGGCGGAT 

Glucocorticoid Receptor 

(GR) 
82 84 

GCAGATGCTGAAGATCTGTAATGAGTTTGTCAGACTGCAGGT

GTCCTATGATGAGTACCTGTGCATGAAGGTCCTGTTACTGCTC

AGTACAGTACCGAAA 

Glutathione S-

Transferase theta-

1(GST) 

84 83 

CCTGCTGGAGGCGAAATTCCTGCAGAACAAACCGTTTATCATC

GGCGACAAAATCTCTCTGGCTGATCTGGTGGCTATAGTTGAGA

TCATGCAGCCTGTT 

MHC class I antigen 

(HLAA) 
80 79 

GAAGCTCTGCTTCAAACTATCCATCAGGGTTTTGAAGAATACA

GGGTCATTCTCAGAACAATGTCGATTGTAGTGTTCCAGGTGCT

GTGGATCATCCTCG 

Heat Shock Protein 70 

(HSP70) 
82 85 

GATCGATTCTCTGTTTGAGGGCGTCGACTTCTACACCTCCATC

ACCAGGGCTCGCTTTGAGGAGCTGTGCTCCGACCTGTTCAGGG

GAACGTTGGAGCCC 

Heat Shock Protein 

71(HSP71) 
80 84 

TCATTGCATTGTTTGCGACACAACTGAGGAGCAACTTGTTGGC

ACAGTTGAGCTGTCAGTTCACATGTAAAGTGTCTGGTATACTG

AGAGGTCACTGCCT 

Heat Shock Protein 90B 

(HSP90B) 
81 84 

ACATCAAGCTGTATGTCAGGAGGGTCTTTATTATGGACAACTG

TGAAGAGCTCATTCCAGAGTACCTGAACTTTGTCCGTGGTGTG

GTGGACTCTGAGGA 

Interferon alpha/beta 

receptor 1(IFNAR1) 
85 85 

GAAACGTTGAGTAGCAGTGCCAACGTGGTGACTTTGCCAAAC

CTGCAAGCCTGGACTTGGTACTGTGTCAGCGTCCAGTCACGCG

AGGACTACTACAACA 

Interleukin-12 (IL12A) 81 82 

GGAATTCATCCTTTAGTGAGAGTGAATGTCTGAGGAACATCAT

GAAGGACTTGACCCACTACACCGCTGTTATTCAGTCTTACCGC

AGCTCCACACTCAT 

Interleukin-17 (IL17) 92 85 
CTGATCCAGGAGAACCGCAACTCAGTGGGGGACAAGAGACAT

CCAGTGGAGAGCCACGATTACAACTCAGTGCCCATAAAGCAG
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AGCAGGGTGTTTCTCA 

IL1b 83 81 

ATCGTCGCCATAGAGAGGTTTAAGGGCAGCAGATGCATTGAC

TCTGAAAACCTGCTCAACTTCATGCTGGAGAGCTTAGTGGAA

GAGCATATAGTGTTTG 

Interleukin-6 (IL6) 81 84 

GAATTCAGAGACGTGCAATATCTCTTTCTGGACAACTACAAAC

CCTCCTCACTTCCAGAAAACTGTCCTAAATCCAACTTCAGCAA

GGAGGCATGTCTCC 

Interleukin-8 (IL8) 85 86 

ACATGAAGAGCAGCAAAGTCATTGTCACCTCTATCGTGGTGCT

CCTGGCCTTCCTGGCCATCAGTGAAGGGATGAGTTTGAGGAG

CCTGGGTGTAGAGCT 

Mast/stem cell growth 

factor receptor kita 

(KITA) 

90 85 

CAGCAGTAAGCCAGTTATCCTTGCCCAGGAGGGGCCCGTTGA

TGGACAGGTGCGGTGCATTGCTGCTGGTTACCCAGTCCCTAAA

ATCAGCTGGTACTTC 

Kit ligand (KILG) 78 82 

GATATTAGCATATTCATCCAAATGATCCAAGAGCTGCGGATC

AACATGAAGTCTCTGGACCTGGTCATGTTAGAATTTGATTGCC

ACTACAGGGAAGAAA 

Keratin type II 

cytoskeletal 8-like 

(KRT8) 

92 87 

TGAAGACATCGCCAACCGTAGCAGAGCCGAGGCTGAGTCATG

GTACCAGACTAAGTATGAAGAAATGCAGCAGTCAGCAGGCAG

ATATGGTGACGACCTG 

LMBV MCP 85 86 

AGCAGTTTAACACTGCTTTCCTGGATGCCTGGAACGAGTACAC

CATGCCCGAGGCCAAGCGCATCGGGTATTACAACATGATTGG

CAACACTAGCGATCT 

mitogen-activated kinase 

1 (MAPK1) 
84 84 

TCAGTGGGTTGCATCCTGGCTGAGATGTTGTCCAACAGGCCAA

TCTTTCCTGGGAAGCACTACTTGGATCAGCTTAACCACATTTT

GGGGATCCTGGGTT 

melanocortin receptor 

1(MC1R) 
92 80 

TGAGGAAGCTGGGAGACACCAACCTCTCAAGGGACTAATAGA

TGAGCGGAAAACAGACCGAGAATGTGCCTTCTTCTCCCACTTC

AACATCCCTAACTTT 

melanocortin receptor 5 

(MC5R) 
82 85 

GTCCACATCGCTGTGGAGGTCTTTCTAATCCTGGGTATCATCT

CCCTGCTGGAGAACATCCTGGTAATCACCGCCATAGTGAAGA

ACAAGAATCTCCACT 

Micropthalmia-

associated transcription 

factor (MITF) 

85 81 

GAGAGGCAGAAGAAAGACAACCACAACTTAATTGAACGAAG

ACGGCGATTCAACATCAACGATCGCATCAAAGAGTTGGGAAC

CTTGATACCCAAGTCAA 

melanocortin-2 receptor 

(MC2R)  
85 85 

CTTTTCATAAAAGCAGGCGCCAGTCCACGAGCATGAAGGGAG

CGATTACCCTCACCATCCTGCTCGGGGTCTTCATTCTGTGCTG

GGGCCCCTTCTTCCT 

Metallothionein (MT1) 85 75 

CAGCGCTCTACTGCCCTTGTGATGGCGCCTGTGTGAACAACTA

ATGACTAACTGCACATGTCTACATAAAATGTATTTTGTACTCG

TCTCAGCGTTGCAG 

Melanocyte protein 

PMEL-like (PMEL) 
84 83 

ACAGATGACATCCCACTGGGTTCCTACACCATGGACATCGTTA

TCTACCACTACCGTAGCAAGGAGAAGTTCATTCCTCTGGGATA

TGCCTCTACTCAGT 

pro-opiomelanocortin 

(POMC) 
86 86 

AGATCTGAAAGCCCACAGCGACCAGCGACGCTCCTATTCAAT

GGAGCATTTCCGCTGGGGCAAGCCCTCAGGCCGTAAACGCCG

GCCTATAAAAGTTTTT 

ras-related protein Rab-

38 (Rab38) 
86 86 

TGCAGACTATCCGAAAGGAGCACCTGTACAAGGTCCTGGTTA

TCGGAGACCTGGGGGTCGGGAAGACTTCCATCATCAGGCGCT

ACGTTCACCAGTCCTA 

Ras-related and 85 82 GTGGGCAAGTCAGCCTTGGTGGTGAGATTTCTGACCA
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estrogen-regulated 

growth related inhibitor 

(RERG) 

GACGCTTCATCTGGGAGTACGACCCGACACTCGAATC

AACATATCGTCATCAAGCCAACATTG 

Ribosomal protein L8 

(RPL8)* 
85 85 

TTCTCCTCTGCAAACAGAGCTGTTGTTGGTGTGGTAGCTGGAG

GTGGTCGTATTGACAAGCCCATCCTGAAGGCTGGTCGTGCCTA

CCATAAGTACAAGG 

40s ribosomal protein 

S12 (RPS12)* 
86 85 

CTCCCTGATCCACGATGGCCTTGCCCGTGGTATCCGTGAGGCC

ACAAAGGCCCTGGACAAGCGTCAGGCTCATCTCTGCGCTCTG

GCTGCCAACTGCGAT 

Superoxide Dismutase 

(SOD) 
79 83 

ATGGTGTTTAAAGCTGTTTGTGTTTTAAAAGGAGCCGGAGAG

ACCACCGGGACCGTTTATTTTGAGCAGGAGGGCGATTCAGAC

CCTGTGAAGGTGACAG 

Tata Box Binding 

Protein (TBP)* 
82 84 

GTTAGCTGCCAGAAAATACGCTCGTGTGGTGCAGAAGCTCGG

TTTTCCTGCAAAGTTCCTGGACTTCAAGATTCAGAACATGGTG

GGAAGCTGCGACGTG 

Transforming Growth 

Factor B (TGFB) 
83 84 

AATAACACAGAGAACACCAAGACCTCCAAAAGCATCCCGATG

TTCTTCAGCATCTCTAACATACGGGAAAGTGTGGGGGATTCCA

GTTTGCTGACCAGTG 

Thyroid Hormone 

Receptor beta (THRB) 
83 84 

TGCATTACCTGTGAAGGTTGCAAGGGTTTCTTCAGGCGGACGA

TCCAGAAGAATCTCAACCCTACCTACGCCTGTAAGTATGAGG

CGAAATGCGTCATCG 

Toll-like receptor 

3(TLR3) 
84 82 

AAACGCTCACTGGCAAAGAGTTTGAAGGCCTGGGTCAAGTTC

AAGAGATTCGCATGTCCAATAACCACCAGACGGTCGATCTAA

GCTCCACGTCATTTGC 

tumor necrosis factor 

alpha (TNF) 
82 85 

TCAGGGAGGTTTCCAACTAGTGAAGAACCAGATTGTTATCCC

ACAAACTGGCCTCTACTTCGTCTACAGCCAGGCATCGTTCAGA

GTCTCCTGCAGCAAT 

apoptosis-stimulating of 

p53 protein 1-like 

isoform X1(TP53BP1) 

91 92 

GGAGTGTCCTCGCCGCCGATCTCTTCCCACCCAGGCGGTGGAG

TCTCTGGTCGGGTAGCGGCTGTCTGCCCCTACATCCAGGTTCC

AGCAGAGGGGAGAC 

Tripartite motif-

containing protein 16-

like (TRIM16L) 

85 85 

CAGGCTGTAGAGCATGAGAGCACCGATGTATTCTCGGACCTT

GTCAAGAATGTGAATCAAACAGGCATCCAGGTTAGTGAGCTC

CTCAGCAACCATGAGA 

Tyrosinase (TYR) 92 82 

TTGCCGATCCAGAGACAGGTATGGCAGTGCCAGGCAAGAGCA

CCATGCACAACTCCTTGCATGTCTTCATGAACGGCTCCATGTC

CTCAGTGCAGAGTTC 

tyrosinase-related 

protein 1a (TYRP1) 
87 87 

GGATGTGGCGGACTGTCTGCAGGTTAACACTTTTGACACGCCG

CCCTACTACTCTACCTCCTCTGAAAGCTTCCGAAACACAATAG

AAGGATACAGTGCC 

protein Wnt-

11(WNT11) 
81 92 

CCTGCACTACGGTTTGATCATGGGTTCCAAGTTCTCTGATGCT

CCCATGAAGATGAAGCGCACAGGCTCCCATGCCAACAAACTG

ATGCACCTACACAAC 
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Table 3. Percent occurrence rate of smallmouth bass with melanistic lesions collected while sampling 

the Susquehanna River and Potomac River basins. 

 2013 2014 2015 2016 2017 

Site Id Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall 

Susquehanna River Basin 

PINE -- -- 0.0% -- 4.3% -- 10.0% 0.0% 0.0% 0.0% 

JUN -- -- 0.0% -- 35.0% -- 10.0% -- -- -- 

SUSHA 35.0% -- -- -- -- -- -- -- -- -- 

SUSSEL 5.0% -- -- -- -- -- -- -- -- 45.0% 

SUSMA 15.0% -- -- -- 40.0% -- 45.0% 0.0% 25.0% 5.0% 

SUSLOY 20.0% -- 6.7% -- -- -- -- -- -- -- 

SUSWYA 0.0% -- -- -- 5.0% -- 7.1% -- -- -- 

CHILI 10.0% -- 10.0% -- 20.0 -- 30.0% -- 55.0% -- 

SWAT -- -- 0.0% -- -- -- -- -- -- -- 

TUSC -- -- 0.0% -- -- -- -- -- -- -- 

WSUS -- -- 0.0% -- 0.0% -- -- -- -- -- 

BE -- -- 0.0% -- 20.0% -- -- -- -- -- 

Potomac River Basin 

SB3 10.0% 0.0% 0.0% 0.0% 7.5%* 0.0% 0.0% -- 0.0% 7.1% 

SB1 5.0% 0.0% -- -- -- --- -- -- -- -- 

MS4 0.0% -- -- -- -- -- -- -- -- -- 

MS5 0.0% -- -- -- 0.0% -- 0.0% 5.0% 5.0% -- 

LP3 0.0% -- 0.0% -- -- -- -- -- -- -- 

SR3 -- -- 0.0% -- -- -- 0.0% -- -- -- 

SR2 -- -- 0.0% -- -- -- 0.0% -- -- -- 

*n=40 
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Table 4. De novo transcriptome assembly results from the Trinity assembly program and the removal of 

false positives and duplicate sequences using EvidentialGenes. 

Program Total 

Transcripts 

% GC 

Content 

Average Contig 

Length 

Contig 

N50 

Trinity 541,225 45.64 898.91 1,926 

EvidentialGenes 108,911 44.79 851.03 1,603 
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Table 5. Average, minimum, and maximum expression counts of differentially expressed genes in 

melanistic and normal skin using nCounter® analysis assay.  

Gene Normal Melanistic 

 Minimum Maximum Average Minimum Maximum Average 

Akt1 256.56 500.81 356.98 301.87 601.1 457.24 

DCT 10.25 66.32 23.23 40.53 3,265.43 654.23 

E1 4.9 12.64 7.57 6.14 643.49 179.11 

KRT8 5.57 314.58 80.08 5.53 107.61 27.64 

MC5R 16.08 94.08 38.03 34.94 327.47 133.36 

MITF 17.37 91.27 44.18 53.11 510.16 212.98 

MT-1 144.13 750.36 350.29 169.75 2,022.21 715.84 

PMEL 20.38 161.47 67.49 226.4 2,161.94 1,223.02 

TYR 6.09 74.42 200.82 72.67 1,079.23 30.08 

TYRP-1 4.9 49.14 18.64 23.76 782.37 430.89 

Rab38 13.02 67.18 29.27 23.76 271.74 107.76 
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