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 Detection of both biological and chemical environmental toxicants is essential in 

the assessment of risk to human health.  Cell-based biosensors are capable of activity-

based detection of toxicity.  Chromatophore cells, responsible for the pigmentation of 

poikilothermic animal, have shown immense potential as cell-based biosensors in the 

detection of a broad range of environmental toxicants.  Chromatophore cells possess the 

motile pigment granules that intracellularly  aggregate or disperse in response to external 

stimuli.  Previous studies have assessed chromatophore cells isolated from red Betta 

splendens and grey Oncorhynchus tschawytscha fish for use as a biosensor.  The 

objective of this study was to describe blue B. splendens chromatophore cells in tissue 

culture.  Blue B. splendens chromatophore cells were assessed for their longevity in 

tissue culture and their responses to previously established control agents.  Blue B. 

splendens chromatophore cells were exposed to select chemicals and pathogenic bacteria 

to assess their ability to respond to environmental toxicants.  Three concentrations of 

mercuric chloride, methyl mercuric chloride, paraquat, sodium arsenite, sodium cyanide 

chemicals were tested.    Bacillus cereus, Bacillus subtilis, Salmonella enterica serovar 

Enteritidis, and Salmonella enterica serovar Typhimurium were tested.  Red B. splendens 



chromatophore cells were subjected to the select  chemical and bacterial toxicants ,and 

observed for their responses.  The data collected in this and previous studies were 

compiled to compare chromatophore cell responses to a broad range of environmental 

toxicants.  Chromatophore cells isolated from both blue and red B. splendens were 

responsive to methyl mercuric chloride and sodium arsenite.  Grey O. tschawytscha 

chromatophore cells have shown responsiveness to mercuric chloride and sodium 

arsenite.  Blue and red B. splendens chromatophore cells were both responsive to B. 

cereus and both Salmonella serovars.  Grey O. tschawytscha have previously  been shown 

to respond to B. cereus as well.

 In conclusion, this study reports the chromatophore cells isolated from blue B. 

splendens in tissue culture and showed similar responsiveness to the selected chemical 

and bacterial environmental toxicants as chromatophore cells  isolated from red and grey 

colored fish.  This study provides compelling evidence that the chromatophore response 

is not  dependent on fish color and that chromatophore cells used for a cell-based 

detection system may be isolated from different colored fish.
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A Comparative Study of Fish Coloration and Toxicant Responses 

in a Chromatophore Cell-based Biosensor

Chapter 1

Introduction

 Water and food safety are paramount to human health, and rapid detection 

methods of environmental toxicants is an area of intense investigation.  Whole animals 

such as fish, mice, and rats have typically been used as the proverbial “canaries in the 

coal mine” to detect toxic substances, but cell-based detection systems, or biosensors, 

allow for this same physiological detection model on a smaller scale (132, 204).  

Biosensors have become ideal because of their ability to detect hazardous or toxic 

“activity” of both known and unknown agents (132).  

 Chromatophore cells, a special class of pigment cells in poikilothermic animals, 

have shown great potential in their use as a biosensor (60, 65, 66, 67, 100, 132, 139).  

Chromatophore cells are responsible for the vibrant colors and patterns of fish, 

amphibians, and crustaceans.  Altering body color intensity  or patterns plays a key  role in 

courtship, camouflage, and aggression behaviors (74, 182).  Rapid changes in body color 

are dependent upon the motility  of pigment organelles within chromatophore cells (182).  

The pigment organelles disperse away from the nucleus of the cell to deepen body  color 

and aggregate toward the nucleus to pale body color in response to external stimuli (76, 

182).  Chromatophore cells isolated from red Betta splendens and grey  Oncorhynchus 

tschawytscha fish have been studied for use as a biosensor (60, 65, 66, 67, 100, 135).  

Pigmentation in blue B. splendens have been previously  described as due to a variegated 

chromatophore population in the dermis, which differs from the pigmentation of red  B. 

splendens and grey O. tschawytscha (20).

 The focus of this study is to describe chromatophore cells isolated from blue B. 

splendens in tissue culture and to observe their responses to two groups of environmental 

toxicants: chemicals and pathogenic bacteria.  This study  will further investigate the 



responses of chromatophore cells isolated from red B. splendens by assessing their 

responses to chemical toxicants.  The data compiled in this study will be used for a 

comparison with previously reported responses of chromatophore cells isolated from red 

B. splendens and grey O. tschawytscha.  It is hypothesized that the chromatophore cells 

isolated from blue B. splendens, red B. splendens, and grey O. tschawytscha fish will 

show similar responses to a broad range of environmental toxicants.
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Chapter 2
Literature Review

 

 The fish species used in this study, Betta splendens, and its pigmentation will be 

introduced.  Selected chemical and bacterial environmental toxicants relevant  to human 

health and the current detection methods for these agents will be covered.  Lastly, 

previous work utilizing pigment cells of B. splendens and salmonid fish as a detection 

system will be reviewed in detail.

Betta splendens

 Ornamental Siamese fighting fish, B. splendens, are widely  recognizable due to 

their vivid colors and pugnacious nature.  The B. splendens found in households 

throughout the world no longer resemble the B. splendens found in the puddles of rice 

paddies.  B. splendens have been domesticated and bred for hundreds of years for sport 

and ornamental purposes (135, 181).  Sport B. splendens have been bred for short fins 

and aggressive fighting, while ornamental B. splendens have been selected for long fins 

and bright coloring throughout the body  and fins (135).  These fish hold important 

commercial value in Southeast Asia, with exports of approximately 3.6 million fish per 

year (135).  

 Wild B. splendens originate in Southeast Asia, predominately Thailand, and spend 

their breeding season in freshwater ponds or flooded rice paddies and marshes (104, 135, 

140, 181).  These pools of standing water are typically  shallow, low in dissolved oxygen, 

and high in temperature (29.9ºC on average) (181).  Wild B. splendens are typically 

brown or dull-green, but flourish with red or blue coloring when excited (104, 181).  

 The genus Betta is classified as freshwater ray-finned fish (Actinopterygii) from 

the Osphronemidae family (167).  Bettas are also within the suborder Anabantoidei, the 

labyrinth fish, that possess lung-like organs allowing Betta species to live in water with 

low oxygen levels by  gulping air at  the water’s surface (167).  Ten wild-type Betta 

species have been described and are differentiated based on their parental care: mouth-
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brooders and bubble-nest builders (181).  The species Betta splendens is classified as 

bubble-nesting, a reproduction strategy briefly described below.

 The coloration of B. splendens, especially  males, is an important component of 

the reproduction and parenting of offspring.  Male B. splendens initiate courtship  of 

females by gulping air to blow and build bubble nests at the water’s surface (104).  Males 

use aggressive territorial behavior to protect their individual bubble nests in the water 

column (104)  During a display of aggression toward another intruding male or unwanted 

female, a male B. splendens will flare his opercula or gill covers, turn broadside to the 

intruder, spread his fins, and deepen his body and fin color (175).  Wild B. splendens 

show much more distinctive color change than domesticated B. splendens.  Red or blue 

striping on the typical brown body of wild B. splendens become deeply saturated in color 

(175).

 The courtship between male and female B. splendens is also heavily reliant on 

color displays.  Rainwater, et al. qualitatively  described the courtship  and spawning 

behaviors in five key phases: prespawning and preparatory, courtship, clasp, swimming 

inhibition, and postspawning (163).  Coloration is a key signal during the prespawning 

phase to elicit courtship.  While displaying to a female, male B. splendens change from a 

pale or dull body color to a deepened uniform body and fin color (42, 163).  Likewise, 

non-displaying females are neutral or pale, but in the presence of a courting male change 

to a reproductive display identified as gold patch on the belly with dark vertical bars on 

the body (42).  These color patterns act as a signal and indicate a readiness for spawning 

(163).  After spawning, male B. splendens collect the fertilized eggs in their mouth and 

deposit them inside the bubbles of the nest (163).  The male must  continue to use displays 

of aggression with changes in coloration and behaviors to protect the eggs and new fry 

after they hatch (163).  
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Pigmentation and Chromatophore Cells

 Poikilothermic animals such as amphibians, fish, crustaceans, and reptiles have an 

integumentary pigmentation system (20, 25, 76, 92). Chromatophore cells located in the 

dermis are responsible for producing and altering an organism’s overall pigmentation and 

color intensity (76).  Changes in pigmentation aid poikilotherms in visual 

communication, courtship, and survival (76).  These changes are either due to an 

increased number of chromatophore cells, an adaptive change over a period of days or 

weeks, or the movement of pigment organelles within chromatophore cells, eliciting an 

instantaneous change in color intensity  (76, 182).  The focus of this section will be on 

pigmentation due to chromatophore pigment organelle motility.  

 Six chromatophore types have been identified and divided into two major groups 

based on their optical properties.  Melanophore, erythrophore, xanthophore, and 

cyanophore cells are light-absorbing; and iridophore and leucophore cells are light-

reflecting (75, 83).  The light-absorbing chromatophore cells have a dendritic 

morphology  resembling neurons, while the light-reflecting iridophore cells are round and 

non-dendritic (76).  The morphologies of chromatophore cells are related to their specific 

function in pigmentation described later.

 Melanophore, erythrophore, xanthophore, cyanophore, and leucophore cells all 

have motile pigment organelles, collectively called chromatosomes (76).  

Chromatosomes are named based on their respective chromatophore cell type: 

melanosomes, erythrosomes, xanthosomes, cyanosomes, and leucosomes (76).  

Melanosomes contain black melanin pigments, erythrosomes contain red carotenoid 

pigments, and xanthosomes contain yellow pteridine pigments (76).  Though cyanophore 

cells show conservation in cytophysiology  to other chromatophore cells, they  were only 

recently  identified, and the pigment within cyanosomes has yet to be identified (83).  

Leucosomes contain a whitish fibrous material that also remains unidentified (76).  All 

chromatosomes display  various colors based on the absorption of different color 

wavelengths (76).  Leucosomes, however, are deemed light-reflecting due to the 

scattering of all wavelengths by the whitish material within them (76).
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 Iridophore cells do not contain chromatosomes, but instead contain stacked 

platelets of guanine crystals in the cytoplasm (76).  These platelets have a high refractive 

index creating a high reflectivity  responsible for the iridescent pigmentation observed in 

several poikilotherm species (76).  Iridiphore cells do not exhibit the same motility  as the 

dendritic chromatophore cells, and therefore do not contribute to change in color intensity 

by means of pigment organelle motility (76).

 Dendritic chromatophore cells have specialized microtubules functioning as a 

cytoskeleton and emanating from the center into the cellular dendrites (76).  The motile 

chromatosomes slide along the microtubules via the activity of ATPase motor protein 

(76).  Chromatosomes are able to aggregate toward the center of the cell or disperse 

outward to the dendrites (75, 76).  Aggregation is associated with paling of an organism, 

while dispersion creates deeper and more brilliant colors as described in displays of 

aggression or courtship.  

 All chromatophore cells develop from the neural crest, and chromatosome 

motility in dendritic chromatophore cells is under hormonal regulation via the endocrine 

and neural systems (75, 76).  Melanophore stimulating hormone (MSH) from the 

pituitary gland and related hormones cause rapid dispersion of light-absorbing 

chromatosomes to the cellular dendrites (75).  Melanin concentrating hormone (MCH) 

and melatonin from the hypothalamus cause rapid aggregation of light-absorbing 

chromatosomes to the perinuclear region of the cell (75).  Interestingly, these hormones 

have an inverse effect on the light-reflecting iridophore and leucophore cells where MSH 

induces aggregation of the lightly colored stacked platelets or pigments causing overall 

skin darkening, though not  by  the same mechanism of pigment motility (75).  

Chromatophore cells are also innervated by  the sympathetic nervous system and signaled 

by adrenergic neurotransmitters, such as norepinephrine and epinephrine (75).  However, 

cell signal transduction is not dependent on change in membrane potential (75).   Rather, 

cell signaling is due to changes in potassium ion concentration reacting directly  on the 

nervous elements of chromatophore cells causing a release of neurotransmitters for 

aggregative or dispersive responses (75).
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 Observations of species with chromatophore cells (fish, amphibians, and 

crustaceans) show that exposure to environmental stresses can also cause overall changes 

in animals’ overall pigmentation, characterized by hyper- or hypopigmentation (32).  

Pathological hyper- or hypopigmentation is also classified as dispigmentation.  The 

chromatophore-containing dermis of poikilotherms serves as a barrier to the exterior 

environment and is therefore exposed to any number of conditions (152).  Pandey et al. 

have hypothesized that dispigmentation are possibly due to impairment of the endocrine 

system under toxic stress affecting chromatophore cells (152).  Industrial toxicants such 

as heavy metals and chemicals can cause dispigmentation.  Mercuric chloride has been 

shown to cause hypopigmentation in estuarine crab larvae (170), rainbow trout (154), and 

Rohu carp (152).  Arsenic has also been observed to cause dispigmentation in snakehead 

fish (18).  Other chemicals such as ammonia and atrazine herbicide have been shown to 

cause dispigmentation in fish (106, 152).  Bacterial pathogens can also result in 

environmental stress and dispigmentation in fish dermal tissue. Changes in pigmentation 

are primary symptoms in goby, walleye, yellow perch, tilapia, and rainbow trout of 

experimental exposure to Botulinum toxin from Clostridium botulinum (198).  

Mycobacteriosis, due to Mycobacterium infection, has been show to cause 

dispigmentation in carp and salmonid species (79).  Likewise, Nocardia species have also 

been shown to cause paling and dispigmentation in striped tiger fish (192).  

Environmental Toxicants: Chemicals

 Chemical toxicants pose a significant human health burden.  Toxic chemicals that 

are inadvertently or carelessly released from industrial or agricultural sites pose risks to 

adjacent human populations.  Some of these chemical toxicants are also found naturally 

in high abundance that cause human health risk.  This section will focus on the select 

chemical toxicants used in this study. 
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Mercury

 Mercury has continued to be an issue in environmental, animal, and human 

health.  Two distinct forms of mercury  have relevance to human health: inorganic 

mercuric salts and organic methyl mercury.  Inorganic mercuric salts, particularly 

mercuric chloride, are used for various industrial purposes throughout the world 

including polyvinyl chloride (PVC) plastic manufacturing, metal smelting, and 

electronics manufacturing (58, 121).  

 Currently operational and abandoned mercury mines have caused significant 

environmental contamination and increased mercury vapor exposures (121).  China, in 

particular, has mercury  rich geology and thus many large scale and artisanal mines (121, 

159).  Leachate and emissions from these mines have produced significant environmental 

contamination in water, air, and soils (121, 159).  The largest cinnibar ore mine alone in 

China is estimated to have released approximately 130 million tons of mercury-

containing calcines between the 1940s and 1990s (123, 159).  A study by Zhang et al. 

adjacent to a mining area in China found total mercury levels in cabbage, the most 

consumed vegetable by  local residents, to be up to 540 times higher than the 

recommended allowable limit for total mercury  in edible plants (201).  Likewise, a study 

of the presence of mercury  in rice grains found rice to be an “intensive” bioaccumulator 

of mercury (200).  Of the rice samples from highly contaminated sites, 90% showed 

mercury accumulation beyond the recommended maximum value of 20µg/kg, and 50% 

of control sites, farthest from the mine of sampling sites, also showed mercury 

accumulation beyond the recommended maximum value (200).  This shows not only the 

potential for contamination and bioaccumulation of mercury species in food sources but 

also the spreadability of mercury contamination from pollution sites.

 Furthermore, many countries combust mercury-heavy coal for energy leading to 

airborne mercury  emissions; this is of particular concern in China where, in 2005, 825.2 

tons of mercury were released in emissions due to mercury-heavy coal combustion (11).  

In the United States mercury emissions from coal combustion are cause for concern as 

well.  The Great Salt Lake in Utah, Lake Michigan bordering Illinois, and wetland areas 
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and unprotected surface waters of the northeastern region all show elevated levels of 

mercury.  Populations surrounding these areas are heavily  reliant on coal combustion for 

energy (53, 63, 141).  Due to the rise in mercury airborne emissions from energy 

production creating wide-spread distribution of mercury, the United States is 

implementing plans to reduce mercury emissions from energy production by 70% (62).  

 These sources of mercury contamination lead to elevated mercury  levels in water, 

sediments, and plants.  However, inorganic mercury  typically does not persist for long 

periods in the environment.  Inorganic mercuric salts are rapidly methylated to form 

organic methyl mercury  species that bioaccumulate in water sources, sediments, plants, 

and animal tissues, particularly  fish (87).  Methylation of inorganic mercury  occurs via 

two processes: conversion by bacterial metabolism and chemical interaction with carbon 

in sediments.  Hamdy and Noyes identified several environmental sulfate-reducing 

bacteria that  were able to convert inorganic mercuric ions to methyl mercury using 

methylcobalamine, a vitamin B12 analog, and secreted methyl mercury to the 

surrounding environment (87, 102).  In sediments, dissolved organic carbon (DOC) 

concentration, salinity, and pH all impact the rate of methylation of inorganic mercury 

(30, 137).  Studies have shown increased acidity and DOC concentration positively 

correlate with increased methyl mercury content in fish tissues in fresh water lakes (137).  

 With aquatic systems and aquatic bacteria and microbiota converting inorganic 

mercury to organic methyl mercury, larger aquatic organisms, particularly fish, 

bioaccumulate methyl mercury  in their tissues (119).  Populations heavily reliant on fish 

and plant food sources that have accumulated methyl mercury  are at increased risk of the 

toxic effects of the heavy metal.

 Mercury’s different forms are toxic in varying degrees.  Mercuric salts are deemed  

far more toxic than elemental mercury and mercurous salts because of a much higher 

water solubility (119).  Illness developed by mercuric salt poisoning is typically due to 

acute exposure, often occupational, and is characterized by initial gastroenteritis, 

stomatitis, and bloody diarrhea (52, 119).  Data suggests these pathological 

manifestations occur due to mitochondrial damage due to oxidative stress (149).  
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Eventually, an exposed individual will suffer from renal damage and, if the exposure was 

significant, possibly renal failure (119).  Uptake of mercuric salts have been shown to be 

due to a high affinity for thiol ligands of glutathione molecules (116, 189).  These 

reduced complexes are eventually transported to, and accumulate in, the kidney  thus 

causing renal damage and potentially renal failure (119, 193).  

 Methyl mercury, however, is of a much greater concern because of its significant 

prevalence in common food sources and its persistence within the food chain.  Several 

studies have shown high methyl mercury levels in aquatic animals.  A survey of retail 

purchased fish and shellfish in Canada revealed methyl mercury concentrations at 

0.011µg/g in oysters, 1.82µg/g in swordfish, and 2.73µg/g in shark (56).  The values of 

the larger animals are significantly higher than the allowable limit established in Canada 

of 0.2µg/kg per day for children and women of child-bearing age (56).  Dietary exposure 

to methyl mercury  has been shown to be heavily reliant on fish intake as shown in a study 

of women in the United States, where the limit is 0.1µg/kg per day (4).  Women living in 

coastal areas of the United States had higher blood-mercury  levels than women in the 

midwestern United States (130).  Furthermore, a study of Swedish women showed 

increased hair and blood-mercury levels were dependent upon increased fish 

consumption (38).

 Methyl mercury’s toxicity is owed to its lipid solubility  by binding to cysteine 

amino acids to create a neutral methyl mercury complex (52).  The complex  can  cross 

the blood brain barrier leading to potential neuropathy  (52, 119).  A study of Amazonian 

children living downstream from a mining region found decreased motor function, 

impaired visual abilities, and altered attention spans with increasing hair-mercury levels 

(83).  Another study revealed decreased abilities in verbal learning and memory in adults 

with increasing hair-mercury levels due to chronic low level exposure (197).  

 Neuropathies can be attributed to the molecular toxicology of methyl mercury.  

Evidence suggests both apoptotic and necrotic effects of methyl mercury in the central 

nervous system (CNS) due to methyl mercury  affinity to thiol groups of functional and 

structural proteins of the cell (44).  Furthermore, formation of reactive oxygen species 
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within cells (85) and disruption of cells’ cytoskeleton also play  a role in the apoptosis and 

necrosis of CNS cells (191).

Paraquat

 Paraquat is the third most widely used herbicide in the world because of its non-

selective, fast-acting nature (50, 61, 72, 172, 185).  In the presence of oxygen, paraquat 

forms super oxides and other reactive oxygen species by  interacting with cellular 

oxidation-reduction reactions, leading to cell damage in target plants by  inhibiting 

photosynthetic mechanisms for growth (172).  Paraquat is not  easily degraded chemically 

or microbiologically in soils, but it is deemed environmentally safe because it is readily 

adsorbed by clay  soils rendering it biologically inactive (61, 72).  There is evidence that 

nitrogenous fertilizer application to soils may “increase paraquat mobility from soils” 

leading to contaminated downstream water sources (72).  Field studies have also found 

paraquat and diquat, a closely related herbicide, persisting in marsh ecosystems during 

peak herbicide usage months (72).  Over application of paraquat can overwhelm the clay 

soils and result in accumulation in water systems affecting the local food chain and 

human health (72).  

 In the United States, paraquat is strictly regulated and distributed only  to licensed 

users (8).  Furthermore, paraquat in the US has an added dye, odorant, and emetic for 

safety, but these precautions are not necessarily used worldwide (8).  Despite these safety 

precautions, paraquat still has negative effects associated with its application.  Exposure 

to high levels, typically 30 to 40 mg/kg of body weight, of paraquat by oral ingestion 

usually  result in pulmonary  fibrosis and possible renal failure, both leading to eventual 

death (61).  Acute high level exposure is typically associated with poisoning or suicide.  

Chronic low-level exposure to paraquat is commonly associated with agricultural 

workers.  Symptoms include nail damage, skin rashes, nose bleeds, chronic bronchitis, 

and chronic cough (97, 172).  The mechanism of paraquat toxicity within animal cells is 

not well known.  Some studies suggest  oxidative stress, mitochondrial disfunction, and 

lipid peroxidation may be involved (138, 61).  
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 More recently, prolonged low-level paraquat exposure has been correlated to an 

increased risk of Parkinson’s Disease (PD) and associated symptoms, though these 

findings are controversial.  Several studies had previously identified rural life as being an 

indicating risk factor for PD (37).  Tanner et al. found through an epidemiological study 

that people who had been exposed to paraquat over several years in their lifetime had an 

increased incidence of PD (185).  Systemic exposure to 10mg/kg paraquat in rats has 

shown decreased motor function, neurodegeneration, and increased neuroinflammation, 

which are signs and symptoms of PD (50).

Arsenic

 Arsenic compounds are used in a variety of industrial processes such as metal 

smelting, wood preservation, and herbicidal and pesticidal production (1).  These 

processes can lead to contamination of drinking water sources and sediments creating 

human health risk.  However, inorganic arsenic from natural mineral deposits in drinking 

water has become most problematic in many countries, particularly western India, 

Vietnam, and Bangladesh, leading to chronic arsenic exposure in a large number of these 

populations (35, 48, 49).   The World Health Organization has an allowable limit of 

arsenic in drinking water, at 10µg/L, while many developing countries have a limit of 

50µg/L but struggle to achieve this number (49).  Berg et al. sampled ground water in 

Hanoi, Vietnam and its surrounding rural areas and found average arsenic water levels of 

159µg/L with the highest  sample of 3050µg/L (35).  Likewise, Chowdhury et al. found 

42 districts in Bangladesh had 79.9 million people affected by  tube-well water samples 

with arsenic levels greater than 50µg/L (49).  

 The United States also struggles with arsenic level compliance in some areas.  

The US Environmental Protection Agency  determined approximately  13 million 

Americans were exposed to drinking water that exceeded the 10µg/L arsenic limit in 

2006 (1, 142).

 The focus of arsenic exposure revolves mainly around water sources.  However, 

arsenic exposure can also arise from food sources.  Recently, fruit juices, most commonly 
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consumed by young children, have been assessed for arsenic levels.  Roberge et al., 

found several commercially available apple and grape juices contained inorganic arsenic 

at levels above the 10µg/L, with apple juices ranging from 10.67 to 22.35µg/L and grape 

juices ranging from 17.69-47.59µg/L (166).  Other food sources of arsenic include foods 

grown in arsenic laden soils and irrigation waters.  Imamul Huq et al. concluded with a 

10 year study that crops such as rice, sugarcane, maize, and arum grown in arsenic-

containing soils and waters in Bangladesh could uptake inorganic arsenic at varying 

levels thus proving another route for human exposure to arsenic (101).  Foods, such as 

rice, cooked in arsenic contaminated water have also shown to provide a route of human 

exposure (24).

 Chronic arsenic exposure  is associated with several forms of cancer, such as skin, 

lung, bladder, and liver, and skin lesions creating a significant health burden (48).  This 

would be indicative of ingesting arsenic contaminated water as well as external exposure 

to contaminated water and sediments.  Recent data suggest that risk of these cancers 

doubles in populations with chronic exposure to high levels, greater than 50µg/L, of 

arsenic (48).

 Arsenic is not considered a mutagenic carcinogen because it  does not directly  

cause genotoxic damage (45).  However, arsenic does function as a tumor promoter to 

indirectly stimulate tumor growth. Trivalent arsenic (As3+) induces AP-1 transcriptional 

activity and Jun kinases, which, uninhibited, leads to activation of proto-oncogenes for 

tumor growth (45).  Arsenic also produces reactive oxygen species causing DNA damage, 

which could also potentially lead to tumor promotion (29).  Recent epidemiological 

studies have also shown correlative evidence of chronic arsenic exposure and increased 

prevalence of Type II Diabetes (109, 162, 188).  Studies in Bangladesh and Taiwan 

showed increased incidence of Type II diabetes in areas where drinking water sources had 

levels of arsenic exceeding 10µg/L (162, 188).  Furthermore, Navas-Acien et al. found a 

positive association of increased arsenic levels in urine and rates of Type II Diabetes in 

US adults chronically  exposed to only low levels of inorganic arsenic (142).  This leads 

to the conclusion that both chronic high-level and low-level exposures to inorganic 
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arsenic can have serious adverse health affects in both the developed and developing 

worlds.

Cyanide

 Cyanide is recognized as one of the most lethal chemicals to humans.  Cyanide 

has several chemical forms including hydrogen cyanide gas (HCN), sodium or potassium 

cyanide salts (NaCN or KCN, respectively), and cyanide complexed with heavy metals 

and minerals (114).  HCN is procured from the pits and seeds of several fruits for the 

production of cyanide salts, which in turn are used in industrial processes such as gold 

and silver extraction from ore, electroplating, and steel processing (71, 78).  Cyanide can 

also be found naturally  complexed to heavy metals and minerals in sediments and water 

sources, however these levels are far below levels relevant to human health, and thus 

deemed non-toxic (114).

 Though cyanide species are found naturally  in the environment, their use at high 

levels for industrial purposes may present risks to human health.  As previously stated, 

cyanide salts are used as a component of industrial processes leading to highly alkaline  

and toxic waste water (114).  Effluent is typically contained in engineered and lined 

tailings ponds for treatment  and neutralization by  alkaline chlorination (19).  Accidental 

spilling or leaching of effluent  into drinking water sources poses a potentially  significant 

health threat (19, 78, 114).  Ghana, a country  known for its substantial number of gold 

mines utilizing cyanidation extraction, experienced eight major cyanide spills from 

mining operations between 1989 to 2002 alone (19).  All of these accidental spills lead to 

river and rain water contamination and cyanide-related health issues in local populations 

(19).  Furthermore, a study  of well water in a small gold mining town in the western 

region of Ghana found total cyanide levels in water ranged from 2.17 to 7.83mg/L in low 

pH, potentially  allowing for dissociation of free cyanide from metallic complexed forms 

(39).  This is compared to the United States Environmental Protection Agency’s 

allowable free cyanide level for drinking water of 0.2mg/L (3).
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 Hydrogen cyanide, in particular, is listed as a Schedule 3 agent by  the United 

States Chemical Weapons Convention and as one of the most likely  agents for chemical 

terrorism (10, 33, 71).  Hydrogen cyanide is described as a blood agent affecting the body 

by absorption through the blood (10).  Already, hydrogen cyanide has been used as a 

chemical weapon in the 1993 New York City World Trade Center bombing and in the 

Iran-Iraq War from 1980 to 1988 (145, 168).  Hydrogen cyanide, as a chemical weapon, 

continues to be a potential threat, especially as other cyanide compounds are still 

produced and readily available for industrial purposes.

 Cyanide’s highly toxic effects, with acute exposure, are primarily  due to its rapid 

diffusion into the tissues and inhibition of cellular respiration leading to hypoxia (78).  

This action is due to cyanide’s inhibition of the cytochrome c oxidase, an oxygen-

reducing enzyme in mitochondria, preventing the utilization of oxygen in cellular 

respiration (120).  The effects of acute cyanide exposure are almost immediate, resulting 

in neurological and myocardial impairment and death (120).  Neuropathies such as brain 

lesions and spastic paraparesis have been correlated with long-term cyanide exposure 

(179).  Experimentally, rats exposed to low-levels of potassium cyanide (KCN) for three 

months exhibited neuronal loss of the hippocampus, increased spheroid lesions on the 

spinal cord, positively correlated with increased KCN doses, and loss of white matter in 

the cerebellum, all which are symptoms of neuropathy (179).  

Environmental Toxicants: Pathogenic Bacteria

 Though bacteria are ubiquitous, many species pose significant human health 

threats.  Bacterial contamination of food and water sources pose a significant health 

burden causing food-associated illness or food poisoning.  Developing countries are 

especially prone to bouts of infection and intoxication from both food and water sources.  

Weaponized biological agents, such as anthrax from Bacillus anthracis, also have the 

potential to create a significant health burden.  This section will focus on two bacterial 

genera that have human health implications and because of certain properties, potentially 

represent environmental toxicants.
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Bacillus species

 The Bacilli are a genus of ubiquitous Gram-positive bacteria.  Several species 

have implications in industry, agriculture, and human health.  Bacillus subtilis is 

commonly used for the production of several industrial enzymes (174, 194), production 

of biosurfactants (15, 144), and as a human commensal and probiotic (94, 95).  B. subtilis 

has shown probiotic affects in humans (94), Arabidopsis plant roots (26), and rainbow 

trout (143) by biofilm production thus preventing or eliminating infection by other 

bacteria.  B. subtilis and most other Bacillus species are classified as non-pathogenic to 

humans.  B. subtilis does not disseminate across mucosal surfaces in mice orally dosed 

with spores (90).  Some case exceptions of opportunistic infections causing sepsis in 

immunocompromised patients have been reported (26, 147).  Panophthalmitis, an 

infection of the eye, has also been attributed to B. subtilis (108).  However, the United 

States Environmental Protection Agency (EPA) has determined, in its 1997 Final Risk 

Assessment, that B. subtilis is a benign, non-pathogenic organism (2).  

 Despite the general characterization of the non-pathogenic Bacilli genus, the 

Bacillus cereus group within the genus contains three species that are extremely 

pathogenic.  The group  is characterized by spore-forming, soil-dwelling species (59).  

Members of the B. cereus group include Bacillus anthracis, the causal agent of anthrax, 

Bacillus cereus, a food-borne pathogen, and Bacillus thuringiensis, an insect pathogen 

(59).  This group’s species carry  genes encoding important virulence factors for 

exotoxins, enterotoxins, crystalline endotoxins, and capsule formation (160, 173, 179).  

Despite the varying forms of disease caused by  each organism, B. anthracis, B. cereus, 

and B. thuringiensis are closely  related with 99% 16s rRNA sequence similarity (23), and 

they  have high levels of chromosomal synteny and gene content similarity (164).  The 

etiology of the different diseases caused by each organism can be attributed to their 

respective plasmids conferring different virulence genes (23, 164).

 Bacillus anthracis is an organism that typically infects herbivorous livestock 

animals and yet rarely infects humans (105, 122).  Animals are infected by ingesting 
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dormant spores in soils (116).  Typical human infections are due to exposure to infected 

animals or contaminated animal products such as meat, hides, or wools (105).  However, 

B. anthracis is considered a Category A biological warfare agent because of its potential 

to be weaponized and purposefully dispersed (179). The United States Department of 

Homeland Security  (DHS) considers a biological attack using aerosolized B. anthracis 

spores as one of the most serious threats to the US with a successful attack potentially 

exposing hundreds of thousands (12).  A successful attack would cause significant illness, 

death, social and economic disruption, and fear (12).  In 1993, in Japan, a liquid 

suspension of B. anthracis was aerosolized from atop a city building leading to 41 known 

infections, though this number may be an underestimate (184).  In 2001, 22 cases of 

anthrax were identified after B. anthracis spores were purposefully  distributed in 

envelopes put through the postal service by an individual (105).  Five of these cases were 

fatal (105).  These attacks have led national governments to anticipate future attacks with 

prevention and preparedness (12).  

 In the event of exposure to B. anthracis, be it by  bioterrorist attack or an infected 

animal, three types of anthrax disease have been clinically identified: cutaneous, 

gastrointestinal, and respiratory  (105, 179).  Cutaneous anthrax accounts for 

approximately 90% of all anthrax cases and is characterized by dry  depressed black 

ulcers with edema in the surrounding tissues (116, 179).  Gastrointestinal anthrax occurs 

typically by ingestion of improperly cooked contaminated meat (176, 179).  Clinical 

manifestations include severe abdominal pain and edematous swelling, low-grade fever, 

nausea, and vomiting (179).  Inspection of intestines and colons of infected individuals 

show severe edema, necrosis, and ascites filled with thick fluid (179).  Inhalation anthrax 

is the most lethal of the three anthrax infections with greater than 95% mortality rate.  

However, the 2001 bioterrorist attack that  caused 11 inhalation infections with six 

survivors providing only  a 45% mortality possibly due to rapid treatment (179).  

Inhalation infection is first  recognized with non-specific “flu-like” symptoms in the 

prodromal phase for approximately 48 hours and then abruptly presents labored 

breathing, tachycardia, pleural effusions, coma and eventual death (17, 179).
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 Bacillus anthracis relies on the two large pXO1 and pXO2 plasmids for several 

virulence factors: capsule formation, intracellular germination, lethal factor, edema factor, 

and protective antigen (136, 153).  The exotoxins, lethal factor, and edema factor are 

biologically inactive but, once each is bound to the protective antigen, can translocate 

into target cells (46, 136, 157).  Edema factor is a calmodulin-dependent adenylate 

cyclase that elevates target cell cyclic AMP levels, which presents as edema in infected 

and surrounding tissues (157, 186).  Lethal factor is a zinc-metalloprotease that inhibits 

the MAPK and JNK cell signaling pathways leading to apoptosis of target cells (43, 199).  

Lethal factor specifically elicits apoptosis of macrophages allowing for B. anthracis to 

evade the host immune system and induce intensely high cytokine production leading to 

toxic shock in the infected individual (154, 177).  In addition, B. anthracis germinates 

and multiplies within macrophages and dendritic cells of the immune system and can thus 

be transported to lymph nodes for systemic infection (41, 177).

 The species Bacillus cereus is estimated to be responsible for approximately 

63,000 food-borne illnesses annually in the United States (171).  According to the United 

States Food and Drug Administration, B. cereus food poisoning results from 

contaminated foods left unrefrigerated, allowing for B. cereus spores to germinate and 

produce exotoxins (165).  Endospore formation, allowing for dormancy and the 

production of several exotoxins, account for the organism’s virulence (21, 34, 117).  B. 

cereus is a common soil-dwelling organism that produces an endospore resistant to 

pasteurization, heat, and gamma-radiation and often is found on a variety of raw foods 

including fruits, vegetables, rice, cereal grains, and dairy  products (98, 117).  The 

endospore contains a sticky S-layer allowing for adherence to food substances and 

colonization of target tissues (117).  Germinants and environmental signaling molecules 

induce germination of B. cereus endospores either on a food source or within the host 

small intestine (98).

 Bacillus cereus causes two forms of food-borne illness: emetic syndrome and 

diarrheal syndrome (81).  Emetic syndrome is most commonly  associated with cooked 

rice that is left to cool allowing for spore germination and production of emetic toxin, 
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also known as cereulide (73).  Emetic toxin disrupts the potassium gradient within gastric 

cells leading to vomiting (21).  Diarrheal syndrome is exotoxin-mediated either by 

preformed enterotoxins in food-stuffs or by vegetative cells producing enterotoxins 

within the intestines (63, 173).  Five enterotoxins have been identified, but hemolytic BL 

(HBL) is the most studied (173).  HBL, a three-component enterotoxin, has hemolytic, 

cytotoxic, dermonecrotic, and vascular permeability capabilities (34, 81).  HBL causes 

fluid accumulation in the small intestine leading to the characteristic water diarrhea of B. 

cereus food poisoning (34).  B. cereus can also cause non-gastrointestinal infections 

associated with IV drug use, surgical and trauma wounds, burns, catheters, severe ocular 

infection, and  septicemia in immunocompromised patients (117).

 Bacillus thuringiensis is closely related to B. cereus, differentiated solely  by its 

production of δ-endotoxin (169).  The δ-endotoxin is produced during sporulation in the 

formation of a parasporal body (36).  The parasporal body is comprised of crystalline 

toxins, which are virulent toward lepidopteran insect species causing paralysis of the 

larval gut (160, 169).  Thus, B. thuringiensis is widely  utilized against agricultural pests 

as a commercial topical insecticide (160).  The δ-endotoxin-producing cry genes have 

even been expressed in transgenic plants for increased insecticidal efficacy (169).  B. 

thuringiensis has also been applied to stagnant water sources to affect mosquito 

populations and possibly deter the spread of malaria (169).  Commercially used B. 

thuringiensis has been deemed safe for use on crops for human and animal consumption 

with some case exceptions of opportunistic infection of immunocompromised individuals 

(64).

Salmonella enterica serovars

 Salmonella enterica is a Gram-negative rod-shaped bacterium commonly 

associated with enteric fever and food-borne illness in humans.  Salmonella enterica is 

the cause for 99% of Salmonella-related human disease (103).  Over 1,000 serovars S. 

enterica have been identified based on lipopolysaccharide and flagellar surface antigens 
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(103).  The serovars can be divided into two categories: typhoidal and non-typhoidal and 

are attributed to food-borne illness and typhoid fever, respectively.  

 Typhoidal Salmonellae Typhi and Paratyphi (S. Typhi and S. Paratyphi) are the 

causative agents of enteric fevers, both typhoid and paratyphoid, in humans and pose a 

significant health burden despite the existence of efficacious vaccines (103).  In 2000, 

there was an estimated 21.6 million typhoid fever illnesses, resulting in over 200,000 

deaths, and 5.4 paratyphoid fever illnesses (54).  Typhoidal Salmonellae are also the 

leading cause of septicemia in endemic regions of the developing world (54).  S. Typhi 

and S. Paratyphi are human-specific pathogens transmitted by  contaminated food or water 

sources (155, 161).  Improvements in water and food sanitation and vaccines for travelers 

have lead to a dramatic decline in cases in the United States and the rest of the developed 

world, but enteric fevers remain an issue in less developed countries (54).  Enteric fevers 

due to bacteremia present with a high sustained fever, chills, abdominal pain, 

hepatomegaly, slowed heart rate, convulsions, and rosey spots on the abdomen (154).  

Approximately  10 to 15% of patients have complications of typhoid encephalopathy, 

endocarditis, gastrointestinal perforation, and gastrointestinal bleeding (154).  These 

complications are often avoided with antibiotic intervention, but recently  S. Typhi has 

shown rapidly increasing antibiotic resistance (16, 107, 155).  Enteric fevers can also lead 

to an asymptomatic carrier state where S. Typhi or S. Paratyphi is limited to the gall 

bladder causing the infected individual to continuously shed the bacteria through feces 

(155).

 Non-typhoidal Salmonellae are the most common food-borne pathogens  causing 

diarrheal gastroenteritis (131).  These pathogens create a significant health burden with 

an estimated 93.8 million annual global cases, 1 million of which are in the United States 

including 29 US deaths in 2010 (9, 131, 171).  The Center for Disease Control and 

Prevention reported 121 food-borne non-typhoidal Salmonellae in the US alone. (9).  The 

wide distribution of foods across state lines have lead to large multi-state outbreaks in the 

US (5, 6, 7), which is cause for great  concern.  Non-typhoidal Salmonellae have also 

shown increased antibiotic resistance, as seen in a 27% to 52.4% increase in multi-drug 
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resistant Salmonellae from 1987 to 1996, respectively (84).  A study in 2004 showed 

increased antibiotic resistance in non-typhoidal Salmonellae are associated with increased 

bloodstream infections in the US (190).  The Salmonella enterica serovars Enteritidis and 

Typhimurium (S. Enteritidis and S. Typhimurium) are the most common.  Both, among 

the other serovars, cause acute enteric infections leading to fever, diarrhea, and cramping 

(93).  Infections of non-typhoidal Salmonellae are self-limiting as the body eliminates the 

infection, however five percent of cases advance to systemic bacteremia with a high risk 

of endocarditis (93).  Non-typhoidal Salmonellae infections in humans typically  from 

foods contaminated with animal feces, commonly from chickens, or human feces from an 

infected individual (86).  Foods most commonly contaminated are chicken eggs and other 

foods of animal origins, as well as raw fruits or vegetables contaminated during 

processing or packaging processes (9, 86).

 Both typhoidal and non-typhoidal Salmonella enterica serovars have several key 

virulence factors to attach to and penetrate the host intestinal wall and then reproduce 

within host cells.  The initial steps in pathogenicity  between the two groups are similar, 

but typhoidal Salmonellae are able to evade the host immunity to allow for systemic 

dissemination.  The typhoidal Salmonellae initially adhere to intestinal epithelial cells 

using Type IV pili, PilS, with PilV tip  adhesins (203). Typhoidal Salmonella enteritidis 

serovars also require fimbriae encoded by the stg fimbrial cluster operon for attachment 

to human epithelial cells in tissue culture (74).  Both S. Typhimurium and S. Enteritidis 

utilize the fimbral FimH adesin for attachment (112, 113).  FimH has been shown to 

specifically bind to a variety  of host cellular glycoproteins in tissue culture (113).  S. 

Typhimurium has also been shown to possess a nonfimbral Type 1 Secretion System 

(T1SS) and utilize PagN proteins that allow for adhesion to host cells (80, 118).  

 After adhesion, the bacteria must then invade the epithelial cells.  Flagellar 

motility has been shown to be necessary in initiation of invasion of human epithelial cells 

in culture (123), but motility in non-typhoidal S. Enteritidis is not required for initial 

invasion of the Caco-2 colorectal cell line (189).  Invasion of host cells is primarily a 

function of many key virulence factors on the Salmonella Pathogenicity  Island-1 (SPI-1).  
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Both typhoidal and non-typhoidal Salmonellae contain SPI-1 regions encoding a needle-

like Type 3 Secretion System (T3SS) that translocates several effector proteins into the 

host cell cytoplasm to initiate bacterial invasion (110, 127, 148).  SPI-1 effector proteins 

SipA and SipC act cooperative to polymerize and bundle host cell actin filaments (134), 

and this activity creates a “ruffling” of the host membrane around an individual 

Salmonella bacterium for internalization (180).  The SopE effector protein inhibits the 

host cellular signaling pathways by acting as a Rho GTPase to further polymerize the 

host cell cytoskeleton and inhibit depolymerizing host cell factors (88).    Finally, SopB 

and SopD effector proteins have been shown to act cooperatively in the HeLa cell line to 

assist in membrane fission of a phagosome around the Salmonella bacterium (27).

 Salmonella pathogenicity island-2 (SPI-2) encodes for another T3SS and 

secondary  effector proteins, allowing for  the bacterium to survive and replicate within 

the host cell vacuole (89, 110).  It is generally recognized that the effector proteins 

associated with SPI-2’s T3SS inhibit the fusion of acidification of the Salmonella- 

containing vacuole allowing for bacterial replication, however little is known about the 

exact individual mechanisms of these effector proteins (89, 180).

 At this point the pathogenesis of typhoidal and non-typhoidal Salmonellae 

diverge.  Non-typhoidal Salmonellae lack a key virulence factors that typhoidal 

Salmonellae possess to continue to evade the host immune system.  Non-typhoidal 

Salmonellae come into contact with toll-like receptor’s of the host intestinal epithelial 

cells that recognize bacterial surface antigens, and this initiates an innate immune 

response with a rapid production of interleukin-8 (IL-8) signaling for an influx of 

neutrophils to quell the infection (161).  Typhoidal Salmonellae possess the Vi 

polysaccharide capsule that enables the bacteria to penetrate the intestinal wall almost 

completely undetected (161).  Raffatellu et al. showed noncapsulated mutant S. Typhi 

elicited significantly higher IL-8 expression in cultured epithelial cells than capsulated 

wild-type S. Typhi (161).  The ability of typhoidal Salmonellae to evade detection enables 

rapid dissemination throughout the body (155).
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Detection Methods

 Detection of environmental toxicants and pathogenic bacteria is key  to identifying 

and preventing the ill effects previously described.  This section addresses current 

methods in chemical environmental toxicant and pathogenic bacterial detection.  Several 

methods are used in rapid detection.  These methods can be divided into five general 

categories: colorimetric chemosensors, gas or liquid chromatography-mass spectrometry, 

fluorescent nanoparticle probes, enzyme linked-immunosorbent assays (ELISA), 

polymerase chain reaction-based methods, and biosensors.  

Colorimetric chemosensors

 Colorimetric chemosensors are used mostly in the detection and quantification of 

environmental toxicants.  A chemical environmental toxicant is commonly identified by 

using a substrate that will change color due to a chemical reaction with the specific 

toxicant.  For example, arsenic is often detected using a field kit of mercuric bromide 

impregnated paper strips that will change to a yellow color in the presence of arsenic 

(111).  Cyanide species can be detected by a red-to-yellow color change in an aqueous 

azobenzene acid with copper solution (125), by a magenta color change in a rodamine-

based dye with copper present (124), by decolorizing methyl violet or triarylmethane 

solutions (128), or by a magenta color change with cobinamide (128).  Mercuric salts are 

identifiable using a mesoporous film impregnated with TiO2 and ruthenium dye that will 

turn from magenta to yellow in the presence of Hg2+ (150).  

 Though these methods and others can be easily used they do have limitations.  

Some require toxic chemicals, such as mercuric bromide, which may be hazardous to the    

operator or present problems with its disposal.  Many methods do not allow for 

quantification of a toxicant within a sample.  Spectrophotometry  is often used to 

determine the change in color intensity (128), but this requires an expensive piece of 

equipment that  may not be available in the field.  Also, these colorimetric methods are 

also reliant on chemical reactions that are specific for the detection of one chemical 

toxicant.
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Gas or liquid chromatography-mass spectrometry

 Gas or liquid chromatography-mass spectrometry is also specific for 

environmental toxicants.  Gas chromatography (GC) or liquid chromatography (LC) are 

used to separate compounds from a sample for isolation (128).  Mass spectrometry (MS) 

analyzes mass-to-charge ratios using an electromagnetic field (128).  Analytically, MS is 

the most  sensitive in identification but is not capable of quantification, but when 

combined with GC or LC quantification is possible (128).  This method can be used in 

detection and quantification of organic and inorganic mercuries (196), paraquat (183), 

and cyanide (128).  However, GC, LC, and MS require complex expensive machines that 

are only usable by highly skilled personnel and are not portable for field use.  

Fluorescent nanoparticle probes

 Fluorescent probes are commonly used for optical detection and can easily  be 

quantified using spectrophotometers.  Environmental toxicants often are detected using 

nanoparticles that can bind to the toxicant and fluorescence.  Gold nanoparticle probes 

are applied for the detection of cyanide (126) and mercuric chloride (47). 

Enzyme-linked immunosorbent assay

 ELISA is an immunological-based detection method dependent upon designed 

antibodies binding to a desired antigen (129).  The direct ELISA method is typically  used 

for the detection of present antigens (129).  The direct method utilizes immobilized 

antigen-specific antibodies, typically  in a microtiter plate, which are exposed to a sample 

that will bind the antigen allowing for the rest of the sample to be washed away.  A 

second antibody  is then applied with an attached enzyme.  An applied substrate will elicit 

a color change due to activity of the bound enzyme (129).  The color change can be 

quantified using colorimetric methods.  ELISA methods have been widely used in the 

detection of bacterial antigens either on the cell surface or secreted from the cell.  

Antibodies have been developed for the spores and toxins of B. anthracis (69), 
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extracellular lipopolysaccharides of Salmonella serovars (158), outer membrane proteins 

of Salmonella serovars (202), and other bacterial antigens.  Furthermore, ELISA methods 

have also been developed for the detection of the herbicide paraquat (115) and mercury 

species (195).  However, ELISA is dependent on antibody specificity  for known 

structures.  This can be a limitation due to the potential presence of unfamiliar antigens 

and/or toxins.  Also, this detection system is typically limited to biological structures and 

has not been further developed for a wide variety of chemical toxicants, nor can it 

directly report on toxicity.

Polymerase chain reaction-based methods

 Polymerase chain reaction (PCR) based methods are used for the detection of 

biological agents, such as bacterial pathogens.  Generally, PCR methods rely  on the 

isolation and amplification of specific target sites of DNA or RNA.  These methods 

require a known nucleic acid sequence, and the use of designed primers to seek 

homology  for amplification by PCR (99).  After amplification of a target sequence 

presence of the sequence can be identified by agarose gel electrophoresis (99).  Target 

sequences for detection of bacterial presence have been determined for the emetic toxin 

of B. cereus (70), hemolytic BL toxin of B. cereus (99), and 12 different  Salmonella 

serovars (154).

 PCR-based methods do have limitations.  For ample quantities of DNA or RNA, 

bacterial samples must be enriched by culturing methods, which can require one to two 

days.  Seeking DNA or RNA homology can also pose challenges, if rapid mutations or 

horizontal gene transfer occurs between bacteria or if a characteristic sequence is 

unknown.  For example, the typical identification, using 16S rRNA for B. anthracis and 

B. cereus, would pose an issue as they  share 100% sequence identity (69).  More rapid 

testing and quantification of nucleic acids using PCR is possible, however, by  using real 

time-PCR (Q-PCR) which uses fluorescent dyes to report  the presence of double-stranded 

DNA for each amplification cycle (129).  
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Biosensors

 Biosensors are detection systems reliant upon biological molecules such as 

enzymes, antibodies, cellular receptors, nucleic acids, or whole cells (132).  The 

biological molecules are utilized for biochemical interactions with targets for detection  

(132).  Biosensors are ideal because of their ability to assess toxicity and potential for 

broad range detection.  Whole cell-based biosensors have become the ideal because of 

their physiological ability to differentiate between pathogenic or non-pathogenic bacteria 

and toxic or nontoxic levels of environmental toxicants (28, 100, 204).  Biosensors do not 

require DNA homology, antibody-antigen specificity, or structure recognition.  Rather 

they  react to environmental conditions, and their physiological responses can be observed 

as a detection method (132).

 Cell-based biosensors have been developed using human immunological cells 

(55), fluorescing bacterial cells (40), pigmented algal cells (204), human neural cells 

(187), and even boar spermatozoa (22).  The general methodology requires isolation and 

sometimes immobilization of cells on a surface and measurement of cellular changes 

upon exposure to a substance.  Measurement techniques stem from the cellular 

characteristics and allow for either optical changes or impedance levels (204).  Loss of 

motility of boar spermatozoa observed optically  can be used to identify  emetic toxin from 

B. cereus, for example (22).  Fluorescent dyes loaded into immunological mast cells can 

be expelled in the presence of an antigen (55).  Bioluminescent  bacteria have been 

developed to fluoresce in response to specific enzyme activity due to the presence of a 

pollutant (96).  Typically  neuronal cells are used in the measurement of impedance levels 

because of their electrogenic characteristics in an organism (204).  Drawbacks to 

biosensors are generally  related to lack of robustness or fastidiousness of isolated cells 

and inability to be developed into immortalized cell lines (204).  

 

Chromatophore Cell Biosensor

 As previously described, chromatophore cells are a class of specialized pigment 

cells derived from the neural crest and possess the capability of pigment granule motility 
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when physiologically stimulated (57, 76, 182).  The utilization of pigment granule 

motility for a biological detection system has been of keen interest.  Previous research 

has shown chromatophore cells’ responses to a broad range of biological agents and 

established the potential for the chromatophore cell as an activity-based  detection 

system.  

 A chromatophore cell-based biosensor does not rely on protein or nucleic acid 

structure or antibody or DNA homology specificity, all drawbacks of several other 

detection systems (60).  Rather, chromatophore cells respond to agents that disrupt 

cellular functions, eliciting a translocation of the pigment granules (60, 139).  Therefore, 

chromatophore cells are able to assess the viability and toxicity  of an agent  rather than 

presence alone (67).  These cytophysiological disruptions can be observed 

microscopically  and described as either aggregation or dispersion chromatophore 

reactions.  Aggregation reactions are observed as pigment granules translocate toward the 

perinucleus of the cell while dispersive reactions are observed as pigment granules 

translocate to the edges and dendrites of the cell (67, 139).  The response features of 

chromatophore cells have been identified as mode of response (aggregation versus 

dispersion), magnitude, graphical kinetics, and dose dependency (60, 139).  

Chromatophore cells are fundamentally similar to neuron cells from other animals, and 

thus can be used to detect biological agents relevant to human health (133, 139).

 Mojovic et al. established aggregative and dispersive controls using clonidine 

hydrochloride and α-melanocyte stimulating hormone (MSH), respectively, on red Betta 

splendens erythrophore cells and further described aggregative responses to the 

environmental toxicants sodium arsenite, sodium cyanide, mercuric chloride, and 

paraquat at concentrations determined by the EILATox-Oregon workshop, 2002 (139, 

151).  Erythrophore cells from red B. splendens were further shown to be aggregatively 

responsive to several classes of chemicals: neurotransmitters, adenyl cyclase activators, 

and cell membrane effectors (60).  

 Erythrophore cells have demonstrated an aggregative response to the food-borne 

pathogens Salmonella Typhimurium (67), Salmonella Enterica, Bacillus cereus, 
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Clostridium perfringens, and Clostridium botulinum (100), all of which were 

distinguishable responses from the responses to the respective growth media (67, 100).  

Hutchison et al. also demonstrated the ability  of erythrophore cells to distinguish between 

non-pathogenic and pathogenic strains.  Erythrophore cells showed no response to the 

non-pathogenic Bacillus subtilis and the non-pathogenic B. cereus ∆plcR deletion mutant 

(100).  In addition, Dukovcic et al. were able to produce a Salmonella Typhimurium 

transposon mutant that was unable to elicit the aggregative response observed with wild-

type Salmonella Typhimurium on erythrophores (65).  Through DNA sequencing, it was 

determined that the mutant lacked the ability to assemble a Type Three Secretion System 

(T3SS), a necessary  function for pathogenicity  in the human host (65).  Thus, it was 

established that presence and/or function of the T3SS is essential in the detection of 

Salmonella Typhimurium.

 Dukovcic et al. have also established a conservation in responses between 

chromatophore cells from two different fish species.  Oncorhynchus tshawytscha, 

Chinook salmon, represented a cold water teleost  species, and red Betta splendens 

represented a warm water teleost  species (66).  O. tshawytscha melanophores cells 

showed a response to the clonidine and MSH controls and the previously  tested 

neurotransmitters similar to that of the B. splendens erythrophore cells (66).  

Furthermore, melanophore cells responded by aggregation to sodium arsenite and 

mercuric chloride similarly  to eyrthrophore cells at  human lethal and sublethal 

concentrations, though they did not respond to paraquat or sodium cyanide  at these 

concentrations (66).  Therefore, chromatophore cells can potentially  show the same 

aggregative and dispersive properties despite their origin.  

 Melanophore cells from O. tshawytscha have also shown an aggregative response 

to  the food-borne pathogen B. cereus and no responses to the non-pathogenic B. subtilis 

and the non-pathogenic B. cereus ∆plcR deletion mutant, all which are similar to the 

respective erythrophore responses (67).  O. tshawytscha melanophores showed 

aggregative responses to the salmonid bacterial pathogens Aeromonas salmonicida, 

Yersinia ruckeri, and Flavobacterium psychrophilum grown in broth cultures (67),  O. 
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tshawytscha melanophore cells also responded by aggregation to various tissue samples 

from rainbow trout infected with F. psychrophilum as compared to no response to healthy 

tissues (67).

 This previous work on erythrophore and melanophore cells has shown strong 

evidence that  chromatophore cells have enoormous potential for food and water testing 

application (60, 66, 100).  The conservation between  B. splendens erythrophore and O. 

tshawytscha melanophore cells suggests that chromatophore cells from a broad number 

of species would also display these same aggregative and dispersive responses.  The 

ability  to potentially detect both environmental toxicants and bacterial pathogens 

demonstrates the possibility of utilizing chromatophore cells as a biological detection 

system for a broad range of biological agents. 

Research Objectives

 The research objectives of this study are to characterize the response of 

chromatophore cells isolated from blue Betta splendens by observing the response to the 

previously  established controls clonidine and α-melanocyte stimulating hormone (MSH), 

select chemical environmental toxicants, and select pathogenic bacteria.  It is 

hypothesized that blue B. splendens chromatophore cells responses will be similar to the 

responses of chromatophore cells isolated from red B. splendens  and grey Oncorhynchus 

tshawytscha fish.  This study will also further assess chromatophore cells isolated from 

red B. splendens for their responses to select chemical environmental toxicants.  
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Chapter 3

Materials and Methods 

Chromatophore Cell Primary Tissue Culture

 Blue and red male Betta splendens were purchased from local pet stores.  Fish 

were maintained individually at 25ºC with alternating light  and dark cycles for 14 and 10 

hours, respectively.  Fish were kept for at least  21 days in fish water [2.3g Aquarium Salt 

(API), 460µL Stress Coat (API), 3.5L autoclaved tap water, pH 6.8 to 7.2, 27ºC], which 

was changed weekly, and fed New Life® Spectrum Betta Formula pellets daily.  Fish 

were dipped in a 3% Aquarium Salt solution once a week to prevent bacterial, parasitic, 

and fungal infections.  These husbandry conditions were implemented according to the 

regulations of Oregon State University’s Institutional Animal Care and Use Committee 

(approval #3988).  

 Prior to chromatophore cell isolation, fish were euthanized in an ice water bath for 

approximately 20 minutes.  Fish were rinsed with approximately  10mL of phosphate 

buffer saline [PBS, 128mM  NaCl, 2.7mM KCl, 10mM  Na2HPO4, 1.46mM KH2PO4, 

supplemented with 5.6mM  glucose and 1% antibiotic/antimycotic (Invitrogen Cat# 

15140122), pH 7.3] before being transferred into a petri dish containing another 10mL of 

PBS.  Caudal, dorsal, anal, and pelvic fins were removed and briefly rinsed in a second 

petri dish contain 10mL of PBS.  With sterile forceps, fins were transferred to a 50mL 

Falcon tube containing 10mL skinning solution [SK, 128mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, 1.46mM KH2PO4, 1mM  EDTA, supplemented with 5.6mM  glucose and 1% 

antibiotic/antimycotic (Invitrogen Cat# 15140122), pH 7.3].  Fins were washed for one 

minute in SK on a rocker plate.  SK was then removed by pipetting and replaced with 

10mL of fresh SK.  This was repeated nine times for a total of 10 wash steps.  This step 

removed scales, protective mucus, and non-pigmented epithelial cells from the fin tissue.

 The final 10mL of SK was removed by pipetting and replaced with a digestive 

enzyme solution [ENZ, 15mg collagenase (Worthington Biochemical Cat# LS004196), 

1.5mg hyaluronidase (Worthington Biochemical Cat# LS002594), 7mL PBS] to separate 

30



the chromatophore cells from the fin tissue.  Collagenase and hyaluronidase were made 

as single-use aliquots as 15mg/1mL PBS and 1.5mg/1mL PBS, respectively, and stored at 

-20ºC.  Aliquots were thawed and diluted to a final volume of 7mL in PBS.  Collagenase 

and/or hyaluronidase were increased to 30mg or 3 mg, respectively, in 7mL PBS as 

needed depending on the quality  of fin digestion.  Fins were subjected to ENZ for one to 

10 minutes depending on fish age and fin size.  ENZ was removed by pipetting to a 

15mL Falcon tube.  Chromatophore cells were separated from ENZ by centrifuging for 

three minutes at 600rpm in a swinging bucket centrifuge (IEC Centra CL3).  ENZ 

supernatant was decanted back onto the remaining fish tissue for further digestion.  

Digestion and chromatophore cell separation were repeated as necessary until only the fin 

rays remained, typically one to three digestion steps.  

 Pelleted chromatophore cells in the 15mL Falcon tubes were washed with 

approximately  7mL Leibovitz L15 medium [L15+ (Invitrogen Cat# 15090046), 

supplemented with 20mM HEPES buffer (Invitrogen Cat# 15630080) and 1% antibiotic/

antimycotic (Invitrogen Cat# 15140122)].  Resuspended chromatophore cells were 

pelleted again by centrifuging for three minutes at 600rpm in a bucket  centrifuge.  L15+ 

supernatant was decanted off the pellets and 100 to 400µL fresh L15+, depending on the 

size of the pellets, was used to resuspend the chromatophore cells.  Chromatophore cells 

from different pellets were kept and plated separately.

 Chromatophore cells were plated in 24-well microtiter plates by  pipetting 5µL 

drops of suspended cells into the center of a well.  Cells were allowed to attach to the 

plate surface for 20 to 30 minutes.  L15+ medium was added to achieve a final volume of 

1.5mL.  Cells were allowed to equilibrate for 20 minutes, and then 75µL fetal bovine 

serum (5%) (FBS, Sigma-Aldrich Cat# F2442) was added.   

 Chromatophore cells were maintained at 22ºC, and L15+ media supplemented 

with 5% FBS was changed weekly to eliminate cellular waste products and debris.  All 

experiments were performed on chromatophore cells in tissue culture, which had been 

maintained for at least one to two weeks before use.
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Observing Blue Betta splendens Chromatophore Cells in Tissue Culture

 The blue B. splendens chromatophore cells in tissue culture were observed to 

assess the population proportions of different chromatophore cell types.  Three wells in 

24-well microtiter plates of chromatophore cells isolated from five blue B. splendens 

were observed at 100X, and the percentages of erythrophore, melanophore, and 

iridophore cells were estimated.  The average chromatophore cell percentages were 

compared to images of the same five fish taken after euthanasia.  

Chromatophore Cell Response Assays and Computer Analysis

 Chromatophore cells from blue and red B. splendens were tested for their cellular 

responsiveness to the control agents clonidine (Sigma-Aldrich Cat# C7897), which 

induced pigment aggregation, and α-melanocyte stimulating hormone (MSH, Sigma-

Aldrich Cat# M4135), which induced pigment dispersion, at final concentrations of 

100nM prior to subsequent assays performed on every fish.  Both clonidine and MSH 

were maintained as frozen  single-use aliquot stock solutions at a concentration of 1µM 

and thawed immediately prior to use.  Clonidine and MSH were added to individual 

chromatophore cell tissue culture wells by first removing 150µL L15+ medium (10% 

volume) and then replacing it  with 150µL of either clonidine or MSH by  gently pipetting 

up and down to mix.  L15+ was included as an experimental control and added to 

chromatophore cells by  first removing 150µL L15+ medium from tissue culture well and 

replacing it with 150µL of fresh L15+.

 Chromatophore cells were observed for 60 minutes at 100X through a Leica 

(Leica, Inc., Wetzlar, Germany) DMIL inverted microscope (Bartels and Stout, Issaquah, 

WA, USA).  Time-lapsed images were taken during the time course with a SPOT Insight 

320 color camera (Diagnostic Instruments, Inc., Sterling Heights, MI, USA) mounted on 

the Leica microscope and SPOT Advanced software version 3.5.6.2 (Diagnostic 

Instruments, Inc).  Time-points during 60 minute time courses for clonidine, MSH, and 

all subsequent assays were as follows: 0 seconds, 15 seconds, 30 seconds, 45 seconds, 1 

minute, 1.5 minutes, 2 minutes, 3 minutes, 4 minutes, 5 minutes, 7.5 minutes, 10 minutes, 
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and every five minutes thereafter.  Images taken at each time-point were analyzed 

sequentially using Image Pro Plus 4.1 (Media Cybernetics, Bethesda, MD, USA), and 

data were exported to Microsoft Excel.  The change of chromatophore cells’ pigment area 

was assessed using pixels and calculated with the following formula:

Change in Pigment Area =  – [(Ao – At)/Ao] x 100

Ao represents the initial chromatophore cell pigment area at time zero, and At is the 

pigment area at any given time-point, t.  

 Data were represented graphically by plotting “Change in pigment area (%)” 

versus “Time (minutes)”.  A positive change in pigment area corresponds with a pigment 

dispersion response, as seen with the dispersive agent MSH.  A negative change in 

pigment area corresponds with an pigment aggregation response, as seen with the 

aggregative agent clonidine.  Chromatophore cell response assays were performed using 

these specifications at least twice.

  

Blue Betta splendens Chromatophore Cell Longevity in Primary Tissue Culture

 To determine how long blue B. spendens chromatophore cells in primary cell 

culture remain responsive to clonidine, chromatophore cells from two different fish were 

observed until chromatophore cells became non-viable.  Chromatophore cells were 

allowed to equilibrate for three days after isolation from blue B. splendens.  On day four 

the chromatophore cells were exposed to 100nM clonidine as previously described and 

observed for a total of 10 minutes by  taking time-lapsed images.  L15+ medium was 

changed weekly, and chromatophore cells were allowed to equilibrate for three days.  

Chromatophore cells were exposed to 100nM clonidine weekly.  Data were collected for 

nine weeks.  The study was discontinued at week nine because a majority of the 

chromatophore cells in each well were dead or unresponsive.  These data were then 

compared to previous longevity studies on chromatophore cells isolated from grey O. 

tshawytscha and red B. splendens compiled by Dukovcic et al. (66).
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Environmental Toxicants: Chemicals

 Chromatophore cells isolated from blue and red B. splendens were exposed to five 

chemicals: mercuric chloride, methyl mercuric chloride, paraquat, sodium arsenite,  and 

sodium cyanide.  Chromatophore cells were exposed to three concentrations of each 

chemical: the EILA concentration, the human lethal concentration (HLC), and the 

military exposure guideline (MEG).  The EILA concentrations of mercuric chloride, 

paraquat, sodium arsenic, and sodium cyanide were established by the September 2002 

EILATox-Oregon Workshop represented a concentration as a function of animal toxicities 

per the Hazardous Substances Data Bank (151).  The HLC represented a lethal 

concentration, and the MEG represented a sublethal concentration.  The HLC and the 

MEG concentrations of mercuric chloride, paraquat, sodium arsenic, and sodium cyanide 

were determined by  the United States Army Center for Environmental Health Research 

(USACEHR) and the United States Army Public Health Command (USAPHC), 

respectively (13, 14).  The EILA, HLC, and MEG concentrations of methyl mercuric 

chloride were determined by extrapolating the molarities from the molarities of the 

mercuric chloride concentrations.  The molarities of methyl mercuric chloride were then 

used to determined the mg/L concentrations for the EILA, HLC, and MEG 

concentrations.  Table 1 lists all five chemicals and their respective three concentrations. 

Each chemical concentration was made into a stock solution in tissue culture water 

(HyClone Hypure Cell Culture Grade Water, Cat. #SH30529.02) at a concentration easily 

measured and stored at room temperature except paraquat, which was stored at 4ºC.  

Table 2 lists the stock concentrations of each chemical.  

 Immediately  prior to use in chromatophore cell response assays, each toxicant 

was diluted in tissue culture water to a 4X concentration and then diluted to the final 

EILA, HLC, or MEG concentration upon addition to a well of chromatophore cells.  

Chemicals were added to wells by adding 500µL of the toxicant to 1.5mL L15 in the well 

while gently pipetting up and down to adequately mix.  In addition, tissue culture water 

was used as a control.  Time-lapsed images were taken as previously described.  
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Response assays with each chemical at each concentration were performed on 

chromatophore cells from two different fish.

Table 1: Chemical concentrations used in this study  on chromatophore cells isolated 
from  blue and red B. splendens.  The EILA represents a concentration of function of 
animal toxicities established by the 2002 EILATox-Oregon Workshop.  The human lethal 
concentration (HLC) represents the lethal concentration of a given chemical, and the 
military exposure guideline (MEG) represents the sublethal concentration.  *Methyl 
mercuric chloride concentrations were established by extrapolating the molarities of 
mercuric chloride concentrations and using the same molarities for the methyl mercuric 
chloride EILA, HLC, and MEG concentrations.
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Environmental 
Toxicant Source

EILA
(mg/L)

HLC
(mg/L)

MEG
(mg/L)

Mercuric 
chloride

Ricca Chemical 
Cat# RDCM0300 100 24.1 0.001

Methyl mercuric 
chloride*

Sigma-Aldrich
Cat# 33368 92.9 22.3 0.001

Paraquat
Sigma-Aldrich 
Cat# 36541 100 3.0 0.05

Sodium arsenite
Ricca Chemical 
Cat# RDCS0380 100 1.9 0.02

Sodium cyanide
Sigma-Aldrich 
Cat# 380970 50 2.5 2.0



Table 2: Chemical stock concentrations of the chemicals used in this study.

Environmental Toxicants: Bacterial Strains and Culturing Conditions

 Chromatophore cells isolated from blue B. splendens were exposed to four 

bacterial strains: Bacillus cereus ATCC 49064, Bacillus subtilis 1A-1, Salmonella 

enterica serovar Enteritidis ATCC 4931 (S. Enteritidis), and Salmonella enterica serovar 

Typhimurium ATCC 700720 (S. Typhimurium).    Bacterial strains are listed in Table 3.  

B. cereus and B. subtilis were grown in brain heart infusion broth [BHI, 200g calf brain 

infusion, 250g beef heart infusion, 10g protease peptone, 2g dextrose, 5g NaCl, 2.5g 

Na2PO4, 1L double distilled water, pH 7.4].  S. Enteritidis and S. Typhimurium were 

grown in Luria-Bertani broth [LB, 10g tryptone, 5g yeast extract, 5g NaCl, 1L double 

distilled water, pH 7.4].  Bacterial stocks were stored at  -80ºC in BHI or LB broth, 

respectively, supplemented with 20% glycerol.

 For chromatophore cell response assays, fresh bacterial cultures were streaked on 

BHI or LB agar plates, respectively, and incubated at 37ºC overnight.  Isolated colonies 

were selected and grown in 2.5mL BHI or LB broth, at 37ºC with aeration.  For 

chromatophore cell response assays, Salmonella serovar overnight cultures were 
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Environmental 
Toxicant

EILA 
(g/mL)

HLC 
(g/mL)

MEG 
(g/mL)

Mercuric chloride 0.01 2.4x10-2 0.01

Methyl mercuric 
chloride 3.7x10-4 2.2x10-7 1.0x10-6

Paraquat 1.0x10-3 3.0x10-4 1.0x10-6

Sodium arsenite 0.01 1.9x10-2 0.02

Sodium cyanide 0.05 2.5x10-2 0.02



subcultured 1:10 in fresh LB media and allowed to grow to late log phase, approximately 

four hours as previously determined by Dukovcic (65).  For assessment of chromatophore 

cell response, Bacillus species overnight cultures were used directly  after 12 hours of 

growth.  Bacterial cultures were added to wells by first removing 150µL L15+ medium 

and then adding 150µL bacterial cultures (10% final volume) pipetting up and down 

gently to mix.  In addition, uninoculated BHI and LB broths at 37ºC were used as 

controls respective to the organisms used.  Time-lapsed images were taken as previously 

described.  Chromatophore cell response assays with each bacterial strain were performed 

on chromatophore cell tissue cultures from two different fish.

 All assays using Biosafety Level 2 (BSL2) bacterial cultures were conducted in an 

approved BSL2 facility under requirements and regulations of Oregon State University’s 

Institutional Biosafety Committee.

Table 3: Bacterial strains used in this study on chromatophore cells isolated from  blue B. 
splendens. 
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Bacterial Strain Relevant Characteristic Source

B. cereus 
ATCC 49064

Outbreak isolate, produces 
diarrheagenic enterotoxin ATCC

B. subtilis 1A-1
Laboratory reference strain, non-
pathogenic ATCC

S. Enteritidis 
ATCC 4931 Gastroenteritis outbreak isolate ATCC

S. Typhimurium 
ATCC 700720 LT2 wild-type ATCC



Chapter 4

Results

Blue Betta splendens Chromatophore Cells in Tissue Culture

 Chromatophore cells were isolated from the fins of blue Betta splendens and 

maintained in tissue culture.  The initial process of chromatophore cell isolation was not 

altered from the method used for isolation of chromatophore cells from red B. splendens.  

The approximate cell yields from blue B. splendens were typically  higher than those from 

red B. splendens.  Therefore, during the pelleting and plating steps, blue B. splendens 

chromatophore cells were resuspended in 300 to 400 µL of Leibowitz medium (L15) 

compared to 100 to 200µL used with red B. splendens chromatophore cells to achieve 

appropriate cell density  in microtiter plates.  The isolation of red B. splendens 

chromatophore cells in this study did not differ than the procedure described in previous 

studies (60, 65, 66, 67, 100, 135).

 Isolation of chromatophore cells from blue B. splendens produced a variegated 

population of erythrophore, melanophore, and iridophore cells in primary tissue culture 

(Figure 1A).  The blue B. splendens chromatophore cell population can be compared to 

red B. splendens and grey Oncorhynchus tshawytscha (Chinook salmon) chromatophore 

cells that have a dominant chromatophore cell type in tissue culture.  Red B. splendens 

primarily  have red erythrophore cells, and grey O. tshawytscha predominantly have black 

melanophore cells in tissue culture (Figure 1B and C).

 Tissue cultures of blue B. splendens chromatophore cells both motile and 

immotile chromatophore cell types were present, seen visually in Figure 1A (right panel) 

as the yellow cells.  Tissue cultures of red B. splendens and grey O. tshawytscha 

chromatophore cells did not contain immotile iridophore cells, (Figure 1B and C).

 Blue B. splendens chromatophore cell tissue cultures from five fish were observed 

to assess chromatophore cell populations in tissue culture.    Of the five fish observed, 

fins of Fish 2 and 4 were a dark royal blue, and fins of Fish 1, 3, and 5 were a lighter teal 

blue.  Figure 2 shows representative royal blue fish (left panel) and teal blue fish (right 

panel).  Percentages of eythrophore, melanophore, and iridophore cells were estimated 
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from three wells of chromatophore cells from each fish.  Table 4 displays the averages of 

each cell type of the five observed fish.  These percentages were then compared to the 

overall color of their respective fish fins.  Melanophore and iridophore cells were the 

most dominant cell types, and erythrophore cells were only a small percentage in each 

fish.  Melanophore cells constituted 42 to 52% of chromatophore cells, and iridophores 

accounted 40 to 53%, (Table 4).  Erythrophore cells comprised only  1 to 8% of any well 

of chromatophore cells, (Table 4).  

   The fins of royal blue fish contained fewer erythrophore cells and higher 

numbers of iridophore cells compared to the fins of teal blue fish, (Table 4).  Conversely, 

the fins of teal blue fish contained more erythrophore cells and fewer iridophore cells 

than royal blue fish fins, (Table 4).  Melanophore cell averages were consistent among 

four of the fish observed.  The royal blue Fish 2 had fewer melanophore cells than the 

other four, (Table 4).
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  B

 
 

  C

Figure 1: Comparison of chromatophore cell tissue cultures from three different colored 
fish.  (A) Blue B. splendens, (B) red B. splendens , and (C)* grey O. tshawytscha  whole 
fish coloring (left panels) and the corresponding chromatophore cell tissue cultures (right 
panels).  Blue B. splendens have a variegated chromatophore cell population, and red B. 
splendens and grey  O. tshawytscha have one predominant chromatophore cell type.  Size 
bar represents 100µm.  *Image of O. tshawytscha is courtesy of NOAA.gov, 2011; image 
of O. tshawytscha chromatophore cell tissue culture is courtesy of Dukovcic et al., 
2010b.
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          A 

   
          B

Figure 2:  Two representative blue B. splendens.  (A) Dark royal blue B. splendens, 
(B) lighter teal blue B. splendens.

Table 4: Average percentages of chromatophore cell types in five blue B. splendens.  
Percentages of erythrophore, melanophore, and iridophore cells were estimated from 
three images of chromatophore cell cultures from each fish.  The average of each cell 
type was then determined for each fish.  Fish 1, 3, and 5 were lighter teal blue; Fish 2 and 
4 were dark royal blue.
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Fish 1 Fish 2 Fish 3 Fish 4 Fish 5

Erythrophore 8 5 7 1 8

Melanophore 52 42 50 51 52

Iridophore 40 53 43 48 40



Blue and Red Betta splendens Chromatophore Cell Response to Controls

 Response to clonidine and α-melanocyte stimulating hormone (MSH) was 

measured with blue B. splendens and red B. splendens chromatophore primary cell 

cultures.  Chromatophore cells isolated from blue and red B. splendens were exposed to 

the 100nM clonidine, 100nM MSH, and L15+ (supplemented Leibowitz medium) and 

observed for 60 minutes.  Clonidine was used to induce chromatophore cell aggregation 

by causing pigment organelles to to rapidly translocate to the perinuclear region of the 

chromatophore cells.  Thus, isolated chromatophore cells appear smaller and condensed 

during aggregation responses.  An aggregation response is associated with a negative 

percent pigment area change.  MSH was used to induce a dispersion response by causing 

pigment organelles to move toward the periphery and dendritic extensions of the 

chromatophore cells.  Consequently, chromatophore cells appear swelled and larger 

during a dispersion reaction.  A dispersion response is characterized by a positive percent 

pigment area change.  L15+ was used as an experimental control to show that 

chromatophore cell responses are not artificially induced due to experimental procedure.

 Figures 3A, B, and C present pictorial representations of blue B. splendens 

chromatophore response to 100nM clonidine, 100nM MSH, and L15+ at time zero (left 

panels) and 60 minutes (right panels) after exposure to each control agent.  Blue B. 

splendens chromatophore cells exposed to 100nM  clonidine responded by  rapidly 

aggregating within one minute, (Figure 3D).  Blue B. splendens chromatophore cells 

continued to slowly  aggregate for the remainder of the 60 minute time course.  Blue B. 

splendens chromatophore cells exposed to 100nM  MSH responded by a slow, gradual 

dispersion, which plateaued at 30 minutes, (Figure 3D).  Blue B. splendens 

chromatophore cells showed no response to the L15+ control for the duration of the time 

course, (Figure 3D).  Results illustrated were obtained from five chromatophore primary 

cell cultures from five different blue B. splendens.

 Figures 4A, B, and C provide pictorial representations of red B. splendens 

chromatophore response to 100nM clonidine, 100nM MSH, and L15+ at time zero (left 

panels) and 60 minutes (panels) after exposure to each control agent.  Chromatophore 
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cells reacted to 100nM clonidine with a rapid aggregation response within one minute.  

Aggregation gradually  continued and plateaued at 15 minutes, (Figure 4D).  MSH 

induced gradual pigment dispersion of red B. splendens chromatophore cells, which 

continued for the rest time course, (Figure 4D).  Red B. splendens displayed no response 

to the L15+ for duration of the time course, (Figure 4D).  Results illustrated were 

obtained from two chromatophore primary  cell cultures from two different red B. 

splendens.  
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Figure 3: Blue B. splendens chromatophore cell response to clonidine, MSH, and L15+.  
Chromatophore cells before (left planels) and after (right panels) 60 minute exposures to: 
(A) clonidine, (B) MSH, and (C) L15+ at 100X.  Size bar represents 100µm. (D) 
Graphical representation chromatophore cell  area change in response to:   (!) clonidine, 
(") MSH, and (!) L15+.  A negative area change represents an aggregation response, 
and a positive area change presents a dispersion response.  Data represent the mean 
values of two trials.  Error bars represent the standard deviation.
! !
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Figure 4: Red B. splendens chromatophore cell response to clonidine, MSH, and L15+.  
Chromatophore cells before (left planels) and after (right panels) 60 minute exposures to: 
(A) clonidine, (B) MSH, and (C) L15+ at 100X.  Size bar represents 100µm. (D) 
Graphical representation chromatophore cell  area change in response to: (!) clonidine, 
(") MSH, and (!) L15+.  A negative area change represents an aggregation response, 
and a positive area change presents a dispersion response.  Data represent the mean 
values of two trials.  Error bars represent the standard deviation. 
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Blue Betta splendens Chromatophore Cell Longevity in Primary Tissue Culture

 Blue B. splendens chromatophore cells were observed for longevity and continued 

responsiveness in primary cell culture.  Blue B. splendens chromatophore cell cultures 

from two fish were maintained and observed for responsiveness to the aggregative 

control 100nM  clonidine.  A different well of chromatophore cells were challenged with 

100nM clonidine each week, as cells did not recover after exposure.  Blue B. splendens 

chromatophore cells were responsive to 100nM  clonidine for nine weeks (Table 5).  The 

longevity  study was discontinued after week nine as more than 60% of the 

chromatophore cells in culture were dead and therefore unresponsive.  Table 5 includes 

data from longevity studies on chromatophore cells isolated from red B. splendens and 

grey O. tshawytscha fish (66).  

Table 5: Comparison of chromatophore cell longevities in primary tissue culture.  
Chromatophore cells isolated from grey O. tshawytscha and red B. splendens were 
responsive for six weeks.  Chromatophore cells isolated from blue B. splendens were 
responsive for nine weeks.  Responsive** indicates that, though some chromatophore 
cells were still responsive, a majority of the population were unresponsive, and the study 
was discontinued.  NA corresponds to “Not Applicable” as the grey and red studies were 
discontinued after six weeks.  *Data courtesy of Dukovcic, et al., 2010a.
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Blue Fish Red Fish* Grey Fish*

 Week 1 Responsive Responsive Responsive

 Week 2 Responsive Responsive Responsive

 Week 3 Responsive Responsive Responsive

 Week 4 Responsive Responsive Responsive

 Week 5 Responsive Responsive Responsive

 Week 6 Responsive Unresponsive Unresponsive

 Week 7 Responsive NA NA

 Week 8 Responsive NA NA

 Week 9 Responsive** NA NA



Blue Betta splendens Chromatophore Cell Responses to Environmental Contaminants: 
 Chemicals

 Chromatophore cells isolated from blue B. splendens were exposed to five 

chemicals at three concentrations each.  The EILA concentration was established by the 

September 2002 EILATox-Oregon Workshop and represents concentrations of each 

chemical above the lethal concentration.  The human lethal concentration (HLC) 

represents the concentration of a chemical necessary to cause significant human health 

risks or death.  The military exposure guideline (MEG) represents the sublethal 

concentration of a chemical.  Sublethal concentrations do not yet begin to cause adverse 

health risks in humans.  The HLC and MEG concentrations were established by the 

United States Army Center for Environmental Health Research (USACEHR) and the 

United States Army Public Health Command (USAPHC), respectively (13, 14).  

Chemicals were diluted to specified concentrations in tissue culture water.   Therefore, 

blue and red B. splendens chromatophore cells were exposed to tissue culture water as an 

experimental control.  Results illustrated for each chemical were obtained from two 

chromatophore primary cell cultures from two different blue B. splendens.

Blue B. splendens Chromatophore Cell Response to Mercuric Chloride

 Chromatophore cells isolated from blue B. splendens were exposed to three 

concentrations of mercuric chloride: EILA (100mg/L), HLC (24.1mg/L), MEG 

(0.001mg/L).  Blue B. splendens chromatophore cells did not respond to the three 

concentrations of mercuric chloride.  Figures 5A, B, and C illustrate the absence of 

response starting at  time zero (left panels) through 60 minutes (right panels).  Figure 5D 

shows the 60 minute time course graphically.  Chromatophore cells showed no 

aggregative or dispersive response to the tissue culture water, (Figure 5D).
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Figure 5: Blue B. splendens chromatophore cell response to mercuric chloride.  
Chromatophore cells before (left planels) and after (right  panels) 60 minute exposures to 
three concentrations: (A) EILA (100mg/L), (B) HLC (24.1mg/L), and (C) MEG 
(0.001mg/L) at 100X.  Size bar represents 100µm. (D) Graphical representation 
chromatophore cell response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture 
water.  Data represent the mean values of two trials.  Error bars represent the standard 
deviation.
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Blue B. splendens Chromatophore Cell Response to Methyl Mercuric Chloride

 To assess the response to methyl mercuric chloride, chromatophore cells isolated 

from blue B. splendens were subjected to three concentrations of the chemical: EILA 

(92.9mg/L), HLC (22.3mg/L), and MEG (0.001mg/L).  Blue B. splendens chromatophore 

cells responded to the EILA and HLC concentrations of methyl mercuric chloride with 

aggregation of pigment organelles.  Figures 6A and B show this response at time zero 

(left panels) and 60 minutes (right panels).  Chromatophore cells were not responsive the 

the MEG concentration of methyl mercuric chloride in the 60 minute time course, (Figure 

6C).  Chromatophore cells responded  to the EILA and HLC concentrations with a 

gradual aggregation that achieved a plateau at minute 15, (Figure 6D).  Chromatophore 

cells did not respond to the MEG concentration, and chromatophore cells showed no 

response to the tissue culture water, (Figure 6D).  
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Figure 6: Blue B. splendens chromatophore cell response to methyl mercuric chloride.  
Chromatophore cells before (left panels) and after (right panels) 60 minute exposures to 
three concentrations: (A) EILA (100mg/L), (B) HLC (22.3mg/L), and (C) MEG 
(0.001mg/L) at 100X.  Size bar represents 100µm. (D) Graphical representation 
chromatophore cell response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture 
water.  Data represent the mean values of two trials.  Error bars represent the standard 
deviation.

50



Blue B. splendens Chromatophore Cell Response to Paraquat

 Chromatophore cells isolated from blue B. splendens were exposed to three 

concentrations of paraquat: EILA (100mg/L), HLC (3.0mg/L), and MEG (0.05mg/L).  In 

addition, chromatophore cells were exposed to tissue culture water as an experimental 

control.  Figures 7A, B, and C depict the chromatophore cells at time 0 (left panels) and 

60 minutes (right  panels).  Blue B. splendens chromatophore cells did not show an 

aggregation or dispersion response to the three paraquat concentrations, (Figure 7D).  

Chromatophore cells were unresponsive after exposure to tissue culture water (Figure 

7D).
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Figure 7: Blue B. splendens chromatophore cell response to paraquat.  Chromatophore 
cells before (left planels) and after (right panels) 60 minute exposures to three 
concentrations: (A) EILA (100mg/L), (B) HLC (3.0mg/L), and (C) MEG (0.05mg/L) at 
100X.  Size bar represents 100µm. (D) Graphical representation chromatophore cell 
response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture water.  Data represent 
the mean values of two trials.  Error bars represent the standard deviation.
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Blue B. splendens Chromatophore Cell Response to Sodium Arsenite

 Chromatophore cells isolated from blue B. splendens were used to assess 

responsiveness to three concentrations of sodium arsenite: EILA (100mg/L), HLC 

(1.9mg/L), and MEG (0.02).  In addition, chromatophore cells were exposed to tissue 

culture water as an experimental control.  Figures 8A, B, and C present a pictorial 

representation of the chromatophore cell response to the three concentrations of sodium 

arsenite at time 0 (left panels) and 60 minutes (right panels).  Blue B. splendens 

responded to the EILA sodium arsenite concentration with an aggregation of pigment 

area.  The chromatophore cells exposed to the EILA concentration began an aggregation 

response within 5 minutes of exposure and continued until the response plateaued at 25 

minutes, (Figure 8D).  The HLC and MEG concentrations and the water concentration 

did not induce a chromatophore cell response, (Figure 8D).
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Figure 8: Blue B. splendens chromatophore cell response to sodium arsenite.  
Chromatophore cells before (left planels) and after (right  panels) 60 minute exposures to 
three concentrations: (A) EILA (100mg/L), (B) HLC (1.9mg/L), and (C) MEG 
(0.02mg/L) at 100X.  Size bar represents 100µm. (D) Graphical representation 
chromatophore cell response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture 
water.  Data represent the mean values of two trials.  Error bars represent the standard 
deviation.
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Blue B. splendens Chromatophore Cell Response to Sodium Cyanide

 To assess the response to sodium cyanide, chromatophore cells were isolated from 

blue B. splendens and exposed to three concentrations of the chemical: EILA (50mg/L), 

HLC (2.5mg/L), and MEG (2.0mg/L).  As depicted in Figures 9A, B, and C, blue B. 

splendens chromatophore cells were not responsive to any of the three sodium cyanide 

concentrations at  time 0 (left panels) and 60 minutes (right panels).  Figure 9D further 

depicts the chromatophore cells’ lack of response throughout the 60 minute time course 

as well as the unresponsiveness to the tissue culture water.
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Figure 9: Blue B. splendens chromatophore cell response to sodium cyanide.  
Chromatophore cells before (left planels) and after (right  panels) 60 minute exposures to 
three concentrations: (A) EILA (50mg/L), (B) HLC (2.5mg/L), and (C) MEG (2.0mg/L) 
at 100X.  Size bar represents 100µm. (D) Graphical representation chromatophore cell 
response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture water.  Data represent 
the mean values of two trials.  Error bars represent the standard deviation.
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Red Betta splendens Chromatophore Cell Responses to Environmental Contaminants: 
 Chemicals

 Chromatophore cells isolated from red B. splendens were exposed to mercuric 

chloride, methyl mercuric chloride, paraquat, sodium arsenite, and sodium cyanide at  the 

EILA, MEG, and HLC concentrations.  The EILA, HLC, and MEG concentrations were 

established and used as previously  described.  Chemicals were diluted to specified 

concentrations in tissue culture water. Therefore, red B. splendens chromatophore cells 

were exposed to tissue culture water as an experimental control. 

Red B. splendens Chromatophore Cell Response to Mercuric Chloride

 Isolated chromatophore cells from red B. splendens were exposed to mercuric 

chloride at three concentrations: EILA (100mg/L), HLC (24.1mg/L), and MEG 

(0.001mg/L).  Red B. splendens chromatophore cells did not respond to the three 

mercuric chloride concentrations as depicted in Figures 10A, B, and C.  Chromatophore 

cells do not show a marked difference in pigment area change from time zero (left panels) 

to 60 minutes (right panels) for each mercuric chloride concentration.  Figure 10D 

graphically illustrates the lack of chromatophore cell response to each concentration.
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Figure 10: Red B. splendens chromatophore cell response to mercuric chloride.  
Chromatophore cells before (left planels) and after (right  panels) 60 minute exposures to 
three concentrations: (A) EILA (100mg/L), (B) HLC (24.1mg/L), and (C) MEG 
(0.001mg/L) at 100X.  Size bar represents 100µm. (D) Graphical representation 
chromatophore cell response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture 
water.  Data represent the mean values of two trials.  Error bars represent the standard 
deviation.
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Red B. splendens Chromatophore Cell Response to Methyl Mercuric Chloride

 Chromatophore cells isolated from red B. splendens were used to evaluate the 

response to three concentrations of methyl mercuric chloride: EILA (92.9mg/L), HLC 

(22.3mg/L), and MEG (0.001mg/L), as well as tissue culture water as an experimental 

control.  Red B. splendens chromatophore cells displayed an aggregation response to the 

EILA and HLC concentrations of methyl mercuric chloride.  Figures 11A and B, show 

the aggregative red B. splendens chromatophore cell responses at  time zero (left panels) 

and 60 minutes (right panels).  The MEG concentration of methyl mercuric chloride did 

not induce a chromatophore cell response, (Figure 11C).  The chromatophore cell 

response to the EILA concentration began with rapid aggregation within one minute and 

continued until it plateaued at 7.5 minutes, (Figure 11D).  Chromatophore cells displayed 

an aggregation response when exposed to HLC concentration of methyl mercuric 

chloride, which began within one minute and continued until it plateaued at 20 minutes, 

(Figure 11D).  Figure 11D, also depicts the lack of chromatophore cell response to the 

MEG concentration and to tissue culture water.
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Figure 11: Red B. splendens chromatophore cell response to methyl mercuric chloride.  
Chromatophore cells before (left planels) and after (right  panels) 60 minute exposures to 
three concentrations: (A) EILA (92.9mg/L), (B) HLC (22.3mg/L), and (C) MEG 
(0.001mg/L) at 100X.  Size bar represents 100µm. (D) Graphical representation 
chromatophore cell response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture 
water.  Data represent the mean values of two trials.  Error bars represent the standard 
deviation.
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Red B. splendens Chromatophore Cell Response to Paraquat

 Isolated red B. splendens chromatophore cells were subjected to three 

concentrations of paraquat: EILA (100mg/L), HLC (3.0mg/L), and MEG (0.05mg/L).  

Tissue culture water was included in the assay as an experimental control.  Red B. 

splendens chromatophore cells showed no response to the three concentrations of 

paraquat as depicted pictorially  in Figures 12A, B, and C.  Chromatophore cells shown in 

these figures display no difference between time zero (left panels) and 60 minutes (right 

panels).  The chromatophore cells’ lack of response to the three paraquat concentrations 

is further illustrated in Figure 12D.
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Figure 12: Red B. splendens chromatophore cell response to paraquat.  Chromatophore 
cells before (left planels) and after (right panels) 60 minute exposures to three 
concentrations: (A) EILA (100mg/L), (B) HLC (3.0mg/L), and (C) MEG (0.05mg/L) at 
100X.  Size bar represents 100µm. (D) Graphical representation chromatophore cell 
response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture water.  Data represent 
the mean values of two trials.  Error bars represent the standard deviation.
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Red B. splendens Chromatophore Cell Response to Sodium Arsenite

 Chromatophore cells isolated from red B. splendens were used to assess their 

response to three concentrations of sodium arsenite: EILA (100mg/L), HLC (1.9mg/L), 

and MEG (0.02mg/L).  Red B. splendens chromatophore cells displayed an aggregation 

response when exposed to the EILA concentration of sodium arsenite, (Figure 13A).  

Chromatophore cells did not respond to the HLC or MEG concentrations, (Figure 13B 

and C).  Figure 13D displays red B. splendens chromatophore cell aggregation response, 

which initiated at three minutes and continued until it plateaued at 20 minutes.  Figure 

13D also depicts the lack of chromatophore response to the HLC and MEG sodium 

arsenite concentrations.
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Figure 13: Red B. splendens chromatophore cell response to sodium arsenite.  
Chromatophore cells before (left planels) and after (right  panels) 60 minute exposures to 
three concentrations: (A) EILA (100mg/L), (B) HLC (1.9mg/L), and (C) MEG 
(0.02mg/L) at 100X.  Size bar represents 100µm. (D) Graphical representation 
chromatophore cell response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture 
water.  Data represent the mean values of two trials.  Error bars represent the standard 
deviation.
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Red B. splendens Chromatophore Cell Response to Sodium Cyanide

 Chromatophore cells isolated from red B. splendens were exposed to sodium 

cyanide at three concentrations: EILA (50mg/L), HLC (2.5mg/L), and MEG (2.0mg/L).  

Figures 14A, B, and C displays that B. splendens chromatophore cells did not respond as 

depicted in the lack of change from time zero (left panels) to 60 minutes (right panels).  

Figure 14D further portrays the lack of chromatophore cell response to the three sodium 

cyanide concentrations.
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Figure 14: Red B. splendens chromatophore cell response to sodium cyanide.  
Chromatophore cells before (left planels) and after (right  panels) 60 minute exposures to 
three concentrations: (A) EILA (50mg/L), (B) HLC (2.5mg/L), and (C) MEG (2.0mg/L) 
at 100X.  Size bar represents 100µm. (D) Graphical representation chromatophore cell 
response: (!) EILA, (") HLC, (X) MEG, and (!) tissue culture water.  Data represent 
the mean values of two trials.  Error bars represent the standard deviation.
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Blue Betta splendens Chromatophore Cell Responses to Environmental Contaminants: 
 Bacterial Pathogens

 Chromatophore cells isolated from blue Betta splendens were subjected to 

Bacillus cereus ATCC 49064, Bacillus subtilis 1A-1, Salmonella enterica serovar 

Enteritidis ATCC 4931 (S. Enteritidis), and Salmonella enterica serovar Typhimurium 

ATCC 700720 (S. Typhimurium).  Bacillus species and Salmonella serovars were 

cultured in BHI and LB broths, respectively.  BHI and LB broth were used as 

experimental controls in the assessment of chromatophore cell responses.  Results 

presented for each bacteria were obtained from two chromatophore primary cell cultures 

from two different blue B. splendens.

 

Blue B. splendens Chromatophore Cell Response to Bacillus species

 Blue B. splendens chromatophore cells were used to assess the response to B. 

cereus and B. subtilis.  Figures 15A and B depict  the chromatophore cell responses to 

these Bacillus species beginning at time zero (left panels) and ending at 60 minutes (right 

panels).  Blue B. splendens chromatophore cells displayed a rapid aggregation response 

when exposed to pathogenic B. cereus.  The aggregation response began within 30 

seconds and continued until it plateaued and maintained at 20 minutes, (Figure 15C).  

Blue B. splendens chromatophore cells did not show a notable response when subjected 

to non-pathogenic B. subtilis compared to the response to B. cereus, (Figure 15C).
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Figure 15: Blue B. splendens chromatophore cell response to Bacillus species.  
Chromatophore cells before (left planels) and after (right panels) 60 minute exposures to: 
(A) B. cereus ATCC 49064 and (B) B. subtilis 1A-1.  Size bar represents 100µm. 
(C) Graphical representation chromatophore cell response: (!) B. cereus,  (") B. subtilis,  
and (!) BHI broth.  Data represent the mean values of two trials.  Error bars represent 
the standard deviation.
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Blue B. splendens Chromatophore Cell Response to Salmonella Serovars

 Chromatophore cells isolated from blue B. splendens were exposed to the 

Salmonella serovars S. Enteritidis and S. Typhimurium.  Figures 16A and B pictorially 

displays blue B. splendens chromatophore cells at time zero (left panels) and their 

aggregation response by 60 minutes (right panels).  Blue B. splendens chromatophore 

cells responded to both Salmonella serovars with a delayed aggregation of pigment 

organelles that did not begin until minute 15 of the time course, (Figure 16C).  The 

aggregation responses to both Salmonella serovars continued until they plateaued at 

minute 55, (Figure 16C).
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Figure 16: Blue B. splendens chromatophore cell response to Salmonella serovars.  
Chromatophore cells before (left planels) and after (right panels) 60 minute exposures to: 
(A) S. Enteritidis ATCC 4931 and (B) S. Typhimurium ATCC 700720.  Size bar 
represents 100µm.  (C) Graphical representation chromatophore cell response: 
(!) S. Enteritidis,  (") S. Typhimurium,  and (!) LB broth.  Data represent the mean 
values of two trials.  Error bars represent the standard deviation.
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Summation of Chromatophore Cell Responses to Environmental Contaminants

Chromatophore Cell Responses to Chemical

 Chromatophore cells isolated from blue and red B. splendens were used to assess 

the response to select chemicals in this study.  Table 6 presents the data from this study 

using chromatophore cells isolated from blue and red B. splendens as well as data using 

chromatophore cells isolated from grey  O. tshawytscha.  Data gathered from grey O. 

tshawytscha chromatophore cells are courtesy  of Dukovcic, et al. (65, 66).  Blue and red 

B. splendens chromatophore cells did not respond to the EILA, HLC, and MEG 

concentrations of mercuric chloride.  Grey O. tshawytscha chromatophore cells displayed 

an aggregation response to the HLC concentration of mercuric chloride.  Blue and red B. 

splendens responded with aggregation of pigment organelles in the presence of the EILA 

and HLC methyl mercuric chloride concentrations, but the chromatophore cells did not 

respond to the MEG concentration.  Chromatophore cells isolated from blue and red B. 

splendens did not respond to the three concentrations of paraquat; grey O. tshawytscha 

chromatophore cells did not respond to the HLC and MEG concentrations of paraquat.  

Blue and red B. splendens chromatophore cells displayed an aggregation response to the 

EILA concentration of sodium arsenite but did not respond the HLC and MEG 

concentrations.  Grey  O. tshawytscha chromatophore cells responded to the HLC and 

MEG concentration of sodium arsenite.  Chromatophore cells isolated from all three fish 

colors did not respond to any tested sodium cyanide concentration.
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Chromatophore Cell Responses to Pathogenic Bacteria

 Blue B. splendens chromatophore cells were subjected to four bacterial strains to 

assess the chromatophore response in this study.  Table 7 presents the data accumulated in 

this study assessing blue B. splendens chromatophore cells, as well as data observing 

chromatophore cells isolated from red B. splendens and grey O. tshawytscha.  Data of red 

B. splendens and grey  O. tshawytscha chromatophore cell responses are courtesy of 

Dukovcic and Hutchison, et al. (67, 100).  Blue and red B. splendens and grey  O. 

tshawytscha chromatophore cells all displayed aggregation responses to pathogenic B. 

cereus.  Blue B. splendens and grey O. tshawytscha chromatophore cells did not respond 

to non-pathogenic B. subtilis, and red B. splendens chromatophore cells exhibited a 

dispersion response to B. subtilis.  Chromatophore cells isolated from both blue and red 

B. splendens aggregated their pigment organelles upon exposure both S. Enteritidis and S. 

Typhimurium.
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Table 7: Comparison of chromatophore cell responses to pathogenic bacteria.  
Chromatophore cells were isolated from blue B. splendens, red B. splendens, and grey O. 
tshawytscha chromatophore cell responses to selected pathogenic bacteria.  NR 
corresponds to “No Response”.  NT corresponds to “Not Tested”.  *Data courtesy of 
Hutchison, et al., 2008.  **Data courtesy of Dukovcic, et al., 2010a, 2010b.
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Blue Fish Red Fish Grey Fish

B. cereus 
ATCC 49064 Aggregation Aggregation* Aggregation**

B. subtilis 1A-1 NR Dispersion* NR**

S. Enteritidis 
ATCC 4931 Aggregation Aggregation** NT

S. Typhimurium 
ATCC 700720 Aggregation Aggregation** NT

BHI broth control NR Dispersion* Dispersion**

LB broth control Dispersion Dispersion** NT



Chapter 5
Discussion

 Chromatophore cells isolated from red Betta splendens and grey  Oncorhynchus 

tschawytscha fish have previously  shown great potential as a cell-based detection system 

for a broad range of environmental toxicants (60, 65, 66, 67, 100, 132, 139).  The first 

portion of this study focused on describing blue B. splendens chromatophore cell 

cultures.  Blue B. splendens chromatophore cells were then subjected to selected 

chemicals and pathogenic bacteria to assess their ability  to respond to a broad range of 

environmental toxicants.  Chromatophore cells isolated from red B. splendens were 

exposed to selected chemicals to further assess their responses to environmental 

toxicants.  The data from this study and those of Dukovcic, et al. and Hutchison, et al. 

were compared to address the hypothesis that chromatophore cell responses from blue, 

red, and grey fish would show similar responses to a broad range of environmental 

toxicants.  

Observations of Blue Betta splendens Chromatophore Cells in Tissue Culture

 In the chromatophore cell isolation process, blue B. splendens consistently 

provided higher cell yields than chromatophore cell isolations from red B. splendens.  

During the pelleting and plating process of blue B. splendens chromatophore cells, blue 

B. splendens chromatophore cells were often resuspended in larger amounts of Leibowitz 

medium (L15) compared to with red B. splendens chromatophore cells to achieve 

appropriate cell density  in 5µL drops in microtiter plates.  Therefore, blue B. splendens 

provide higher quantities of chromatophore cells per euthanized fish compared to red B. 

splendens.

 Chromatophore cells isolated from blue Betta splendens were observed in tissue 

culture.  Previous literature has described blue coloration in most poikilothermic animals 

as due to a combination of chromatophore cell types and not produced by actual blue 

pigmented cells (25, 76, 182).  Rather, blue coloration is due to light reflection of 
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iridophore cells containing stacked guanine crystals (25, 76).  Some fish, however, such 

as the vibrant blue callionymid fish, do contain blue chromatophore cells, also called 

cyanophore cells (82).  

 In this study, cyanophore cells were not identified after isolating blue B. splendens 

chromatophore cells in tissue culture.  In fact, the chromatophore cell types isolated were 

melanophore, erythrophore, and iridophore cells.  This observation is consistent  with the 

recent findings of Amiri, et al. who studied the architecture of blue B. splendens fins.  

Amiri, et al. found a thin layer of melanophore cells succeeded by a thicker layer of 

randomly-oriented iridophore cells for light reflection, producing the appearance of blue 

pigmentation (20).  In this study, blue B. splendens chromatophore cells were isolated 

from two variants of blue, dark royal blue and lighter teal blue.  The chromatophore cell 

populations isolated from these two blue color types were not drastically  different.  

However, the royal blue fish did show slightly higher percentages of iridophore cells, 

while the teal blue fish produced slightly higher erythrophore cell numbers.  The 

difference in isolated chromatophore cell populations may account for the slight variation 

in color in the overall fish body and fins.  

 During the course of this study, the darker royal blue B. splendens did not provide 

high quality chromatophore cell cultures as compared to lighter teal blue B. splendens.  

This may have been due to large melanophore cells, which have a sticky quality  and 

cause cell clumping in tissue culture.  However, higher melanophore cell counts proved 

to not be the case; observations of chromatophore cell populations between the two 

different colored fish showed no significant differences or trends in melanophore cell 

proportions.  Therefore, it is unknown why darker royal blue B. splendens tended to not 

provide high quality tissue cultures.

Comparison of Chromatophore Cells in Tissue Cultures Isolated 
 from Blue, Red, and Grey Fish

 Previous research examined the potential of chromatophore cells in primary  tissue 

culture from red B. splendens and grey  O. tshawytscha (Chinook salmon) for an activity-

based detection system (60, 65, 66, 67, 100, 132, 139).  In tissue culture, chromatophore 
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cells from both these species each present  one significantly predominant chromatophore 

cell type.  Red B. splendens chromatophore cell cultures are primarily  red erythrophore 

cells, and grey O. tshawytscha are principally large grey melanophore cells.  These 

chromatophore cell populations can be compared to the previously described variegated 

chromatophore cell population isolated from blue B. splendens, which contain 

erythrophore, melanophore, and iridophore cells.  

 Interestingly, blue B. splendens contained the predominant cell types observed in 

both red B. splendens and grey  O. tshawytscha.  Blue B. splendens also contained the 

immotile iridophore cells, providing the blue coloration in the fish.  Previous studies 

using red B. splendens and grey O. tshawytscha chromatophore cells were dependent 

upon the intracellular pigment motility to observe a chromatophore response.  The impact 

of immotile iridophore cells on the observed responses was unknown because iridophore 

cells had not been identified in the other two fish colors.  Despite the variegated 

chromatophore cell population, the responses of blue B. splendens chromatophore cells 

were hypothesized to be similar to those observed in both red B. splendens and grey O. 

tshawytscha chromatophore cells. 

Comparison of Blue, Red and Grey Fish Chromatophore Cell 
 Responses to Controls 

 Dukovcic et al. demonstrated the conservation of responses, between red B. 

splendens chromatophore cells and grey O. tshawytscha chromatophore cells, to the 

aggregative and dispersive controls clonidine and α-melanocyte stimulating hormone 

(MSH) (66, 139).  This provided evidence to support the hypothesis that the 

chromatophore response of red B. splendens chromatophore cells in other studies is not 

exclusive to the red B. splendens, but is also observed in other species of teleost fish and 

potentially other species with chromatophore cells in general.  This hypothesis lends 

itself to a number of unanswered questions concerning the similarities and dissimilarities 

between red B. splendens and grey O. tshawytscha chromatophore cells.  Are these 

responses attributed to the predominance of one chromatophore cell type in tissue 

cultures derived from these two fish?  How does a variegated chromatophore population 
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respond versus predominant cell type?  How similar or dissimilar would chromatophore 

cells from a different colored B. splendens respond when compared to red B. splendens?  

Does the presence of chromatophore cells without intracellular pigment motility, like 

iridophore cells, affect the overall population response?

 The blue B. splendens chromatophore cell response to clonidine and MSH was 

conserved when compared to responses in red B. splendens and grey O. tshawytscha 

chromatophore cells.  The general biological trend toward aggregation of pigment 

organelles in chromatophore cells when exposed to clonidine and dispersion when 

exposed to MSH is evident in all three chromatophore cell culture types.  The kinetics 

depicted graphically are also similar.  Dukovcic et al. demonstrated that  red B. splendens 

chromatophore cells’ and grey O. tshawytscha chromatophore cells’ pigment organelles 

fully  aggregated within five minutes of exposure to clonidine and maintained this state 

for the remainder of the assay (66).  Likewise, chromatophore cells from blue B. 

splendens showed pigment organelles fully  aggregating intracellularly  by five minutes of 

exposure to clonidine and maintaining this response for the duration of the 60 minute 

assay.  Red B. splendens chromatophore cells’ and grey O. tshawytscha chromatophore 

cells’ pigment organelles showed gradual consistent dispersion when exposed to MSH 

(63, 64), and blue B. splendens chromatophore cells’ pigment organelles gradually and 

continuously dispersed as well when exposed to MSH.  These findings in blue B. 

splendens chromatophore cells suggest  a conserved response to the established 

aggregative and dispersive controls despite the variegated cell population in these 

different colored fish.  

 Iridophore cells were observed upon initial isolation of chromatophore cells from 

blue B. splendens.  It was unknown how, if at all, this cell type would affect the response 

of the motile chromatophore cells or the detection of a response using this system.  The 

similarities in response of blue B. splendens chromatophore cells compared to red B. 

splendens chromatophore cells and grey O. tshawytscha chromatophore cells is evidence 

that immotile iridophore cells may have no effect on chrompatophore cell response in 

these assays.  It is of note, however, the overall biological trend to disperse in blue B. 
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splendens chromatophore cells was not as significant.  This may be attributed to the 

immotile iridophore cells seen throughout the tissue cultures impeding more significant 

dispersion of the motile pigment organelles in adjacent chromatophore cells.  

Nonetheless, the response was sufficient to be recognized as a dispersion reaction.  

Comparison of Blue, Red, and Grey Fish Chromatophore Cell
 Longevities in Primary Tissue Culture

 Blue B. splendens chromatophore cells were isolated and maintained to establish 

their longevity in primary cell culture and responsiveness overtime.  The methods used in 

this experiment were identical to those used in longevity studies of  red B. splendens and 

grey O. tshawytscha chromatophore cells in primary tissue culture.  Blue B. splendens 

chromatophore cells survived in primary cell culture for nine weeks.  The chromatophore 

cells were also exposed to clonidine each week in the same fashion as the control assays, 

and the chromatophore cells showed responsiveness by  pigment granule aggregation for 

nine weeks.  The study was discontinued after week nine because a majority  of the 

chromatophore cells had died and were removed by  weekly media changes.  By week 

nine, this left a very thin concentration of chromatophore cells in the microtiter plate and 

an inadequate population of cells to continue assessing responsiveness.  

 In comparison, longevities and responsiveness of red B. splendens and grey  O. 

tshawytscha chromatophore cells were observed by Dukovcic et al. (65, 66).  Both red B. 

splendens and grey O. tshawytscha chromatophore cells were deemed unresponsive by 

six weeks, three weeks shorter than blue B. splendens chromatophore cells.  This 

difference in longevity may be due to genetic variances between the three fish types.  The 

extended survivability of blue B. splendens chromatophore cells may  prove more 

advantageous in a model field detection system with an extended shelf life.

Comparison of Blue, Red, and Grey Fish Chromatophore Cell 
 Response to Environmental Toxicants: Chemicals

 Red B. splendens and blue B. splendens chromatophore cells were exposed to 

selected environmental toxicants.  These toxicants are hazardous to human health and 
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thus their rapid detection in the field is essential.  Dukovcic et al. used grey O. 

tshawytscha chromatophore cells to explore the potential for detection of environmental 

contaminants (65, 66).  Each toxicant was diluted in tissue culture water to three different 

concentrations.  EILA represents concentrations originally determined and used at the 

September 2002 EILATox-Oregon Workshop (139).  The human lethal concentration 

(HLC) and military exposure guideline (MEG) represented the lethal and sublethal 

concentrations, respectively.  The HLC and MEG concentrations were established by the 

United States Army Center for Environmental Health Research (USACEHR) and the 

United States Army Public Health Command (USAPHC), respectively (13, 14).  The 

concentrations of methyl mercuric chloride were determined using the molarities of the 

mercuric chloride concentrations.  These molarities were then extrapolated using the 

molecular weight of methyl mercuric chloride to establish the three concentrations.

 Both red B. splendens and blue B. splendens chromatophore cells were not 

responsive to the EILA (100mg/L), HLC (24.1mg/L), and MEG (0.001mg/L) 

concentration of mercuric chloride.  Interestingly, both red B. splendens and blue B. 

splendens chromatophore cells were responsive to the EILA (92.9mg/L) and HLC 

(22.3mg/L) concentrations of methyl mercuric chloride but not to the MEG (0.001mg/L).  

This provides two convincing pieces of information.  First, the overall responses to 

mercuric chloride and methyl mercuric chloride were conserved between red B. 

splendens and blue B. splendens chromatophore cells.  Second, both red B. splendens and 

blue B. splendens chromatophore cells responded to the lethal but  not sublethal 

concentrations of methyl mercuric chloride.  This provides compelling evidence that 

chromatophore cells may be able to distinguish between a toxic level versus a nontoxic 

level of methyl mercuric chloride in a water source or food source.  

 Why are B. splendens chromatophore cells responsive to methyl mercury but not 

mercuric chloride?  Studies have shown mercuric chloride and methyl mercury  deposit in 

different parts of the body by different mechanisms.  Studies established orally-dosed 

radioactive mercuric chloride is absorbed by the gastrointestinal epithelial cells and 

migrates to the liver and kidneys but not the the head or central nervous system (CNS) 
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regions (52).  However, only 7% of a total mercuric chloride dose was absorbed 

compared to 97% of a dose of methyl mercuric chloride (52).  Methyl mercuric chloride 

has been described as highly mobile throughout the body because it complexes with 

cysteine creating a large “amino acid-like” complex that can more easily  enter the cell 

(52).  The cysteine complex allows for crossing the blood brain barrier to affect the CNS, 

unlike mercuric chloride (52).  However, the mobility and associated pathologies of 

methyl mercuric chloride pertain to a whole organism.  Other studies have shown that 

ionic forms of mercuric mercury are not as readily  taken up as neutrally-charged methyl 

mercury by individual cells (30).  B. splendens chromatophore cells are neural in nature 

and therefore may be more susceptible methyl mercuric chloride, which acts on cells of 

the CNS.  However, a study by Toimela, et al. assessing the toxicity of mercuric chloride 

and methyl mercuric chloride on three neural cell lines provides evidence inconsistent 

with this theory  (187).  Mercuric chloride and methyl mercuric chloride had varying 

toxicity  on the three cell lines, and mercuric chloride was still toxic to neural cells and 

caused apoptosis (187).  Despite the difference between chromatophore cell responses to 

mercuric chloride, B. splendens chromatophore cells show great potential in the detection 

of methyl mercuric chloride.  Further testing of chromatophore cells isolated from O. 

tshawytscha and other fish is needed to assess whether the chromatophore response is 

similar in other species.

 In a previous study, Dukovcic et al. showed grey O. tshawytscha chromatophore 

cells responded to the HLC of mercuric chloride (65, 66).  The lack of response in 

chromatophore cells isolated from red B. splendens and blue B. splendens may have been 

due to low level exposure and desensitization over time compared to grey O. 

tshawytscha.  B. splendens chromatophore cells’ lack of response may also be attributed 

to the higher number of cells in cell culture.  O. tshawytscha chromatophore cell cultures 

only had three to five cells per field of view compared to the 100 or more cells in a B. 

splendens field of view.  Therefore, the three to five O. tshawytscha chromatophore cells 

may have provided the true report for the presence of the HLC concentration of mercuric 

chloride and responded by aggregating their pigment organelles.  In contrast, individual 
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B. splendens chromatophore cells may not have been exposed to enough mercuric 

chloride to elicit a response.  Determining the optimal number of chromatophore cells 

will be required for their use in a detection device.  The fewer O. tshawytscha 

chromatophore cells observed in culture may be more ideal than the large numbers 

isolated from B. splendens.  Increased dilutions of chromatophore cell populations may 

induce a “stress-state” and increased cell signaling, either of which may provide better 

sensitivity for chemical detection.

 Detection of methyl mercuric chloride may be more advantageous than detection 

of mercuric chloride.  Mercuric chloride does not persist in the environment and food 

sources because it is rapidly methylated by environmental bacteria and interactions with  

carbon in sediments (87, 102).  Therefore, detection by chromatophore cells would be 

highly  beneficial.  The ability to differentiate between the HLC and MEG concentrations 

is also promising.  As previously stated, the MEG concentration represents a sublethal 

concentration, which do not yet begin to cause adverse human health risks.  An ideal 

detection system would be capable of delineating between the lethal and sublethal 

concentrations of a chemical environmental toxicant.  Blue and red B. splendens 

chromatophore cells both show this potential.

 Blue and red B. splendens chromatophore cells also displayed an aggregation 

response to the sodium arsenite EILA (100mg/L) concentration, but not the HLC 

(1.9mg/L) or MEG (0.02mg/L) concentrations.  Response to the EILA concentration 

would be indicative to capabilities of assessing concentrations that would cause acute 

poisoning incidences, but not chronic exposure.  The ability to identify lower levels 

associated with chronic exposure would be ideal, especially in places such as West 

Bengal and Bangladesh where arsenic-laden groundwaters have prompted a health crisis 

(36, 48, 49).  The effects of chronic arsenic exposure have not  been well studied; 

however a study by Allen, et al. did identify fluctuations in pigmentation of snakehead 

fish when exposed to lower levels (1mg/L) of arsenic over the course of 90 days (18).  

This study provides evidence on the effects of arsenic on a whole fish model, as the 

melanophore cells were assessed after arsenic exposure and removal from the 
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experimental fish (18).  Allen, et al. point  out that disruption of the pituitary  system 

within the whole fish may have affected the melanophore cells (18).  However, cells fully 

removed from the fish and then exposed to long term low levels of arsenic have not been 

studied.  Allen, et al. also cite potential adaptive mechanisms to prolonged exposures to 

heavy  metals, which may be the case in this study (18).  The acquired or genetic 

resistance to arsenic of the B. splendens used in this study was not known, therefore the 

fish used in this study may have inadvertently  been desensitized to lower levels of 

arsenic.  Nonetheless, responsiveness to higher levels of arsenic in this study  shows 

potential for arsenic detection using B. splendens chromatophore cells.  

 Previous studies by Dukovcic, et al. using O. tshawytscha melanophore cells also 

provide compelling evidence for arsenic detection using chromatophore cells in tissue 

culture (65, 66).  O. tshawytscha melanophore cells displayed an aggregative response 

when exposed to the HLC and MEG concentrations of sodium arsenite (66).  The 

difference in response between B. splendens and O. tshawytscha chromatophore cells 

may be due to cell number, as previously discussed with mercuric chloride.

 Chromatophore cells isolated from blue and red B. splendens were not responsive 

to the EILA (50mg/L), HLC (2.5mg/L), and MEG (2.0mg/L) concentrations of sodium 

cyanide.  A lack of response was also observed in O. tshawytscha melanophore cells (65, 

66).  The toxicokinetics of cyanide are not as well documented in fish species as they are 

in mammalian species.  A study by Basaling, et al. did show a change in whole-fish 

pigmentation of carp fingerlings after exposure to cyanide for 96 hours (31).  However, 

the pigmentation changes were only observed upon death of the fish, and color changes 

may have been associated with sickness and fatality and not directly to cyanide exposure.  

At a cellular level, cyanide species inhibit cellular respiration by binding to cytochrome c 

oxidase within the mitochondria and impeding ATP generation (120).  Pigment organelle 

translocation via motor proteins within chromatophore cells is ATP-dependent (51, 77).  

If cyanide inhibits ATP production within a chromatophore cell, translocation of pigment 

organelles may not be observed.  Clark, et al. demonstrated an inhibition of melanophore 

cell pigment motility  results directly from energy depletion by  sodium cyanide (51).  
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Therefore, chromatophore cells may not be an ideal sensor for chemicals that inhibit 

energy production within the cell.

 Blue and red B. splendens chromatophore cells did not  respond to the EILA 

(100mg/L), HLC (3.0mg/L), and MEG (0.05mg/L) concentrations of the herbicide 

paraquat.  Paraquat toxicokinetics in plants has been widely studied, but the mechanisms 

of paraquat toxicity  in animals cells is not as well documented.  Some studies have 

indicated mitochondrial disfunction and oxidative stress due to paraquat as possible 

causes of cytotoxicity (61, 138, 172).  As previously described, paraquat produces super 

oxides by interacting with electron transport during cellular respiration (61, 172).  If 

cellular respiration for adequate energy  generation is inhibited, pigment motility within 

chromatophore cells may be impeded.  As with cyanide, chromatophore cells would thus 

not be an ideal detection system to assess paraquat contamination.  The cytotoxic effects 

on the mitochondria of paraquat are not well understood.  Further assessment of paraquat 

within animal cells, particularly fish, is needed to better understand the lack of response 

to paraquat observed in this study.

 The responses reported in this study provide evidence that chromatophore cells 

are sensitive to some chemical toxicants.  The chromatophore cell responses to methyl 

mercuric chloride show great potential for a detection system for this chemical, but why 

methyl mercuric chloride caused an aggregative response and mercuric chloride did not is 

largely unknown.  The lack of responses to both paraquat and sodium cyanide provide 

interesting insight into the chromatophore cell response, however.  The chromatophore 

cell is possibly not  an optimal detection system for chemicals that  inhibit or perturb 

energy generation or cellular respiration in general.  What chemical classes are generally 

able to induce a chromatophore cell response?  What other cellular mechanisms, if 

inhibited, will deter chromatophore cell responses?  These questions require further 

investigation into the inner workings of chromatophore cells and their responses to 

different chemicals.

84



Comparison of Blue, Red, and Grey Fish Chromatophore Cell 
 Response to Environmental Toxicants: Bacterial Pathogens

 Blue B. splendens chromatophore cells were exposed to selected bacterial 

pathogens commonly associated with food-borne illness.  Bacillus cereus was chosen as a 

representative Gram-positive bacterium, Bacillus subtilis was chosen as a representative 

non-pathogenic Gram-positive bacterium, and Salmonella enterica serovar Enteritidis (S. 

Enteritidis) and Salmonella enterica serovar Typhimurium (S. Typhimurium) were 

chosen as representative Gram negative-bacteria.  Data compiled by Duckovcic et al. and 

Hutchison et al. were included for comparison (65, 67, 100).  B. cereus and the 

Salmonella serovars also utilize two different  pathogenic mechanisms represented here.  

B. cereus produces exotoxins causing intoxicative food-borne illness (21, 35, 117).  

Salmonella Enteritidis and Typhimurium actually  breach the intestinal wall to cause an 

infective food-borne illness (110, 127). 

 B. cereus caused an aggregative response in blue B. splendens chromatophore 

cells cells which is consistent with the responses found in grey O. tshawytscha 

chromatophore cells and red B. splendens chromatophore cells.  B. cereus caused rapid, 

almost immediate, aggregation of pigment  within the chromatophore cells of the blue B. 

splendens, with full aggregation achieved by  15 minutes and maintained for the duration 

of the time course.  These rapid kinetics were also observed in red B. splendens 

chromatophore cells, suggesting evidence of conservation of both a biological behavior in 

chromatophore cells from two different colors of B. splendens but also the kinetics of the 

response.  Hutchison et al. also showed a rapid aggregation response in red B. splendens 

chromatophore cells when exposed to B. cereus culture supernatant only (100).  Thus, the 

rapid aggregation responses observed in chromatophore cells from both red and blue B. 

splendens can be attributed to toxins produced by B. cereus and not the whole bacterial 

cells themselves.  This would be indicative of the intoxicative food-borne disease caused 

by B. cereus.   Furthermore, Hutchison et al. developed a B. cereus ∆plcR deletion mutant 

that did not  elicit an aggregation response in red B. splendens chromatophore cells.  The 

plcR gene regulates toxin production, and without it no exotoxins are produced (100).  
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This also suggests bacterial cells themselves are not causing the aggregation response, 

but again the exotoxins produced by B. cereus. 

 In contrast, B. subtilis did not cause notable aggregation of chromatophore 

pigment organelles in blue B. splendens chromatophore cells.  The overall biological 

behavior of the blue B. splendens chromatophore cells when exposed to B. subtilis was 

more consistent with the an exposure to fresh L15 medium, with neither causing an 

aggregation or dispersion response.  This response is similar to the observed responses in 

grey O. tshawytscha chromatophore cells and red B. splendens chromatophore cells (66, 

67, 100).  This would be consistent with the non-pathogenicity of B. subtilis and its 

inability to cause human intoxications or infections as a food-borne pathogen (2, 90, 94, 

95).

 Both S. Enteritidis and S. Typhimurium induced an aggregation response in blue 

B. splendens chromatophore cells, but the aggregation response was slower to initiate 

when compared to an aggregation to B. cereus.  Aggregation of  the pigment organelles 

was not observed until minute 10.  The gradual, continual aggregation response did not 

plateau until minute 50 during the time course.  Interestingly, the kinetics of both 

responses were nearly identical when observed graphically.  This may be attributed to the 

close genetic relationship between S. Enteritidis and S. Typhimurium serovars.  The 

mechanism or toxins used to evoke an aggregation response in B. splendens 

chromatophore cells may be conserved between the two Salmonella serovars.  S. 

Typhimurium and S. Enteritidis utilize Type Three Secretion Systems and effector 

proteins to induce membrane ruffling and phagocytosis by a host cell.  Dukovcic et al. 

demonstrated the necessity of the Type Three Secretion System (T3SS) in generating an 

aggregative chromatophore cell response (65).  An S. Typhimurium mutant unable to 

produce a functional T3SS did not  generate a chromatophore cell response, but 

restoration of function by complementation of the mutant demonstrated an aggregative 

response (65).  Hutchison et al. also demonstrated an aggregative response of red B. 

splendens when exposed to S. Enteritidis (100). 
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 Several effector proteins translocated into the host cell have adverse effects and 

initiate phagocytosis of the bacterium into the host  cell (110, 127, 148).  Therefore, any 

one of the effector proteins may be the reason for a chromatophore cell response.  

Intracellular presence of the bacterium may also be the cause of a response.  The delayed  

aggregative response observed in the presence of both S. Typhimurium and S. Enteritidis 

can potentially  be attributed to the invasive nature of Salmonella serovars.  Whether the 

T3SS itself, the effector proteins translocation, or intracellular presence are responsible 

for the aggregation response within chromatophore cells remains unknown and requires 

further investigation.

 The responses reported in this study show a conservation in chromatophore 

response across three different colored fish in response to representatives of both Gram 

negative and Gram positive bacteria showing significant potential in the detection of 

pathogenic bacteria in food and water sources.  As previously discussed, many detection 

systems such as antigen-antibody  binding or nucleic acid probes require known structures 

and do not delineate between viable and non-viable cells.  The chromatophore responses 

demonstrated in this and previous studies indicate an ability to specifically detect  viable 

pathogens.  Furthermore, chromatophore cells were responsive to Bacillus cereus, a 

representative pathogen of the highly related Bacillus cereus group, which suggests 

chromatophore cells from these fish would be responsive to all members of this group 

including Bacillus anthracis toxins, the causative agents of anthrax.

 Further investigation is needed to determine chromatophore cell responses to a 

broader range of bacterial pathogens.  As previously stated, Salmonella serovars are 

invasive intracellular pathogens.  Other intracellular pathogens, such as Listeria 

monocytogenes (171), may also show similar delayed but completely aggregative 

chromatophore cell responses.  Pathogenic Escherichi coli strains and Shigella species 

attach to the host cell membrane producing exotoxins to create food-borne gastroenteritis 

(171).  The chromatophore cell responses to these extracellular pathogens remains 

unknown and requires further investigation as well.   
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Future directions

 The similarities in response between two species and among three colors of 

teleost fish creates great intrigue in their immense potential as a biosensor in a broad 

range detection system.  Examination of the chromatophore cell responses to other food-

borne pathogens would provide additional compelling evidence of the potential for this 

biosensor.  Further investigation of chromatophore cell responses to chemical toxicants is 

also necessary.  This study provided evidence of a lack of B. splendens chromatophore 

response to some chemical toxicants, but previous studies indicate O. tshawytscha 

melanophore cells are able to detect mercuric chloride among others.  Therefore, an 

examination of the parameters of chromatophore cell numbers and responses to chemical 

toxicants is important.  Despite the apparent differences in chromatophore cells isolated 

from different colored fish in this and previous studies, the data reported provide strong 

evidence that the color of the animal chromatophore cells are isolated from may not limit 

the effort to create an ideal cell-based detection system for a broad range of 

environmental toxicants.

88



Chapter 6

Conclusion

 This study described chromatophore cells isolated from blue Betta splendens and 

their responses to control agents and select chemical and pathogenic bacterial toxicants.  

This study also further assessed the responses of red B. splendens chromatophore cells to 

select chemical environmental toxicants.  The data generated in this study was compared 

to data from previous studies using red B. splendens and grey  O. tshawytscha 

chromatophore cells.  

 Chromatophore cells isolated from blue B. splendens had not yet been observed 

and described in the experimental conditions put forth in this study.  Tissue cultures of 

blue B. splendens chromatophore cells presented several key differences: higher cell 

yields during chromatophore cell isolation, a variegated chromatophore cell population in 

tissue culture, the presence of immotile iridophore cells, and noticeably extended 

longevity in tissue culture.  Despite these differences, blue B. splendens chromatophore 

cells not only showed highly similar responses to the established control agents but  also 

to select  chemicals and bacterial pathogens when compared to responses of red B. 

splendens  and grey O. tshawytscha chromatophore cells.  These findings can be used to 

hypothesize that these chromatophore cell responses may be found in many other teleost 

fish or other poikilothermic animals.  

 The chromatophore cell response to methyl mercuric chloride had also not been 

previously  studied.  The rapid aggregative responses of blue and red B. splendens 

chromatophore cells to a high concentration (EILA, 92.9mg/L) and human lethal 

concentration (HLC, 22.3mg/L) provides compelling evidence that this detection system 

may easily identify environments or water sources contaminated with highly persistent 

methyl mercuric chloride.

 As previously described, detection of both chemical and bacterial environmental 

contaminants is important in maintaining human health and safety not only in the United 

States but throughout the world.  Food and water safety  continues to be an issue in both 
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the developing and developed world as more nations are becoming progressively 

industrialized and food is processed and shipped across state and country borders.  

Furthermore, detection of chemical and biological agents, such as anthrax, used 

purposefully for terrorist attacks is of the upmost importance to maintain public safety.

 Though their cytophysiological mechanisms elicited by external stimuli are either 

poorly or completely unknown, chromatophore cells consistently continue to show 

increasing abilities to detect a variety of environmental toxicants.  This study  adds to the 

mounting evidence that chromatophore cells may be an ideal cell for an activity-based 

biosensor.  Consistency  in responses, broad range detection, and extended longevity all 

demonstrate the potential for a chromatophore cell-based biosensor.  Furthermore, this 

and other studies provide data indicating the chromatophore response can be consistently 

observed across fish colors and species.  However, further investigation into the 

chromatophore cell responses to more pathogenic bacteria and chemical toxicants are 

needed, and the optimal number of chromatophore cells for true responses in a detection 

device also requires further investigation.
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