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ABSTRACT 

The Georgia commercial penaeid shrimp fishery has experienced a significant decline in 

landings since 2000. The cause of the decline is unknown, but coincided with the 

emergence of a new ciliate infection that causes tissue melanization, called Black Gill 

(BG). Shrimp Black Gill (sBG) occurs primarily from August through November and is 

absent during February and March. The absence of shrimp Black Gill during the winter 

indicates that the sBG ciliate is likely reintroduced annually through a reservoir. The 

effects of sBG on the shrimp host are unknown; though it has been hypothesized that 

sBG causes mortality in shrimp. The first focus of this study was to investigate the 

hypothesis that the sBG ciliate uses a reservoir(s) or second host when sBG is not 

observed in shrimp. The second focus of this study was to determine if BG causes 

mortality in shrimp during the months when BG prevalence is generally highest. A 

survey of crustaceans, water, and sediment was conducted to identify potential reservoirs. 

Samples were analyzed using a molecular diagnostic assay, followed by phylogenetic 

analysis of the 18S rRNA gene to determine ciliate identities. Five species of crustaceans 

were identified as potential reservoirs of the sBG ciliate. Water and sediment were not 

found to harbor the sBG ciliate. Laboratory experiments were conducted to determine if 

sBG causes mortality in shrimp by measuring BG prevalence, mortality, growth rate, and 

molting frequency. A significant mortality event occurred when over 80% of shrimp died. 

This study provides the first evidence that the sBG ciliate uses multiple species of 

crustaceans as reservoirs and that sBG causes direct mortality in shrimp. While many 

questions remain, this research indicates that sBG has contributed to the decline of 

Georgia’s shrimp fishery and informs future management decisions about the fishery.  
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CHAPTER 1: INTRODUCTION 

1.1 Conceptual Overview  

The Georgia penaeid shrimp fishery has experienced a significant decline in 

landings (pounds of target catch species removed from the water) since 2000 (Figure 1.1) 

(CRD GADNR, 2013). This decline coincided with the emergence of a new ciliate 

infection that causes gill tissue melanization called shrimp Black Gill (sBG) (Figure 1.1). 

The identity of the shrimp Black Gill ciliate is uncertain; however based on molecular 

analysis of the 18S rRNA gene sequence the ciliate belongs to the Subclass Apostomatia 

and is most closely related to Hyalophysa chattoni (Figure 1.2). However, microscopic 

examination of the ciliate concludes it is not Hyalophysa chattoni on distinct 

morphological characteristics (Frischer et al., in prep).  

Shrimp Black Gill has a seasonal distribution. Shrimp with visible symptoms 

appear in August and peak in September and October (Figure 1.3). January through July 

it is rarely observed in shrimp. Although asymptomatic over this period, more sensitive 

molecular and histological diagnostics indicate that the ciliate can persist longer and 

remerge earlier than indicated by the presence of symptomatic shrimp. However, these 

assays confirm the absence of the ciliate in shrimp during the spring and early summer 

(Frischer et al., in prep). The absence of the ciliate during this period suggests that it may 

persist outside of the shrimp and use a different host or reservoir. Identifying potential 

reservoir/s of the sBG ciliate is one focus of this study (Chapter 2). Three possible 

sources of the sBG ciliate include other crustaceans, water and sediment. Crustaceans are 

potential reservoirs of sBG because apostome ciliates have been documented to infect a 

wide range of organisms (Bradbury, 1966). Water has the potential to be a source of sBG 
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because it is able to provide a suitable environment for the ciliate during the free 

swimming stage of the apostome lifecycle. Water would also allow for an efficient mode 

of transmission of the sBG ciliate to individual shrimp on an epidemic scale. Sediment is 

another potential source of infections and reintroduction of the ciliate. Shrimpers in 

Georgia have supported the theory that the sediment in areas closed to shrimping is 

allowing the sBG ciliate to reproduce and infect the shrimp. If the ciliate does reside in 

the sediment, where shrimp forage and spend the majority of their time, it could also be a 

source of infection.   

The effects of Black Gill caused by the sBG ciliate on shrimp have not 

determined. Ciliates belonging to the subclass Apostomatia are rarely pathogenic 

(Johnson and Bradbury, 1976). Synophora and Gymnodinoides are the only apostome 

ciliates documented to be parasitic (Johnson and Bradbury, 1976; Landers et al., 2006). 

The decline observed in shrimp landings (Figure 1.1) and firsthand accounts from 

shrimpers suggest that sBG may be negatively impacting the fishery. In recent years, 

shrimpers have reported that shrimp disappear sometime during the month of August (M. 

Frischer, personal communication, 2015). The timing of their observation corresponds to 

when Black Gill prevalence is high, suggesting that Black Gill is one possible cause in 

the reduction of reported landings.  The mechanism behind why this is occurring is 

unknown, but heavy infestations of ciliates in farmed shrimp have been shown to affect 

respiration by reducing tolerance for low dissolved oxygen, leading to decreased feeding 

and restricting shrimp growth (Lopez-Tellez et al., 2009). A decrease in respiratory 

capability could lead to an increase in secondary mortality, as shrimp would be more 

susceptible to predators. The second focus of this study is to determine if sBG causes an 
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increase in mortality as the shrimp landings data and observations by the shrimpers 

support (Chapter 3). At present, there have been no previous studies that investigate 

whether sBG causes direct mortality. As a component of my academic studies, an 

educational activity that focused on shrimp Black Gill was developed (Chapter 4). 

 

1.2 Peneaid Shrimp Biology and Ecology 

 Shrimp Black Gill has been observed in commercial penaeid shrimp, including 

Litopenaeus setiferus (white shrimp), Farfantepenaeus aztecus (brown shrimp), 

Farfantepenaeus duorarum (pink shrimp), and Penaeus monodon (tiger shrimp) (Gambill 

et al., 2015). Penaeid shrimp have a short life cycle that lasts approximately one year 

(Belcher and Jennings, 2004). Spawning takes place on the continental shelf off coastal 

waters from May to September (Belcher and Jennings, 2004) with a single female 

producing 500,000 to 1 million eggs multiple times (SCDNR, 2013). An egg hatches 

within 24 hours into a larva that moves through the water column, followed by 10 larval 

stages that last 2 weeks, reaching the post-larval phase when the shrimp resemble small 

adult shrimp (CRD GADNR, 2008; SCDNR, 2013). Larval shrimp development occurs 

offshore, after which postlarvae shrimp recruit to the estuaries and sounds in the South 

Atlantic Bight region in late spring and early summer when water temperatures rise 

(DeLancey et al., 2008; Ogburn et al., 2013, SCSNR, 2013). Postlarvae use the flood 

tides to migrate from the coastal offshore waters to estuarine habitats; this occurs in 

multiple stages that are affected by tidal currents, shrimp behavior, and weather (Ogburn 

et al., 2013). Larval shrimp in Georgia depend on the productive estuaries and sounds as 

nurseries for foraging and protection from predators (Webb and Kneib, 2002); rapid 
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growth takes place in the estuary nursery habitat until the late juvenile or subadult life 

stage is reached (Ogburn et al., 2013). Following maturity, shrimp migrate to the offshore 

waters where they release eggs that are destined for recruitment into the fall fishery 

(Belcher and Jennings, 2004). Migration takes place during the night on ebb tides 

(Ogburn et al., 2013). As bottom-feeders, shrimp are classified as omnivorous scavengers 

(Fast and Lester, 1992), and are also known to be cannibalistic (SCDNR, 2013). 

Environmental conditions influence shrimp migration and harvest. Water 

temperature is an environmental factor that affects the growth and survival of penaeid 

shrimp (Perez-Velazquez et al., 2013). In the late summer, shrimp migrate from the 

estuaries to more saline waters for overwintering, though their survival is dependent on 

temperatures being >6º C (DeLancey et al., 2008).When temperatures fall below 7º C 

degrees for seven or more days overwintering shrimp are susceptible to being killed, 

which can be detrimental to the population  (SCDNR, 2013). When extreme cold 

temperatures cause the death of 80% or more of the overwintering shrimp population, the 

South Atlantic Fishery Management Council, which includes regulatory agencies from 

North Carolina, South Carolina, Florida and Georgia, has the authority to concurrently 

close Federal and State waters (SAFMC, 2014). The closure ensures the remaining adults 

survive and are able to spawn during the following season, preventing a fishery collapse.  

Other environmental conditions, including salinity and drought, also impact 

shrimp growth, behavior and have significant influence on shrimp populations. Penaeid 

shrimp are characterized as a euryhaline species as they are tolerant to variations in 

salinity ranging from 1.0-50.0 g/L (Perez-Velazquez et al., 2013), though extreme ranges 

may have consequences. Growth rates and densities of white shrimp in low-salinity 
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habitats are significantly reduced compared to environments in higher salinity zones 

(Rozas and Minello, 2011), potentially resulting in a population decline. Extreme 

droughts or warm weather may affect shrimp populations by modifying migration 

behavior that delays passage to the ocean for spawning, while a freshwater influx from 

increased rainfall will cause the salinity to drop and may force the shrimp to move to the 

ocean prematurely where there is limited protection and fewer resources for survival, 

increasing the number of shrimp lost to predation (Webb and Kneib, 2004).  

 

1.3 Commercial Importance 

 Penaeid shrimp help support the 6.6 million ton global shrimp industry that includes 

farmed and wild caught shrimp. In 2008, Gillet summarized global shrimp fishing and 

farming studies reporting that wild caught shrimp account for 3.7 million tons or 60% of 

the annual catch. Exports of farmed and wild caught shrimp have an estimated economic 

value of $10 billion or 16% of all fishery exports (Gillet, 2008). Shrimp are the most 

valuable internationally traded fish commodity in the world and many developing 

countries rely on its exportation for economic support (Gillet, 2008).  In the United 

States, shrimp is the most popular seafood product with 3.4 lbs of shrimp consumed 

annually per person (CRD GADNR, 2008). The United States Atlantic and Gulf of 

Mexico penaeid commercial fishery includes the area of North Carolina to Texas with 

average landings of white and brown shrimp accounting for an average of to $427 million 

per year over the period of 2000 to 2014 (National Marine Fisheries Service, Fisheries 

Statistics Division, Silver Spring MD; available at www.st.nmfs.noaa.gov). In the 

Southeastern United States, the penaeid shrimp harvest is the most valuable commercial 
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fishery (DeLancey et al., 2008).  In Georgia, the penaeid shrimp fishery is by far the 

largest in the state (CRD GADNR CRD, 2014), with white shrimp Litopenaeus setiferus 

historically representing over 85% of the penaeid harvest (Webb and Kneib, 2002). From 

2004-2014 the Georgia shrimp fishery had an estimated value of approximately 8 million 

dollars annually (CRD GADNR, 2014), with harvest values varying significantly from 

year to year. During the period of 2010-2014, a significant decline of landings occurred 

in the fishery, falling from 1.3 million pounds in 2010 to under 1 million pounds in 2014 

(Figure 1.1) (CRD GADNR 2014). Based on the data collected yearly by the Georgia 

Department of Natural Resources regarding the fishery, Black Gill is believed to have 

contributed to the decline of the fishery, along with other economic factors that include 

fishing costs, labor, infrastructure, and market pricing.   

 

1.4 Georgia Shrimp Fishery 

 In Georgia, state waters are generally open for commercial food shrimp trawling 

from May through December, though the Georgia Department of Natural Resources has 

the authority to postpone the opening date or extend the season beyond December based 

on the spring catch data from their monthly Ecological Monitoring Trawl Survey (CRD 

GADNR, 2008). Monthly surveys have been conducted since 1976 and it is one of the 

longest fishery-independent trawl surveys on the Eastern United States coast (CRD 

GADNR, 2016). Currently, 42 stations are sampled each month in Georgia’s six estuarine 

sound systems, which include Wassaw, Ossabaw, Sapelo, St. Simons, St. Andrews, and 

Cumberland (Figure 1.4) (CRD GADNR, 2016). Catch are sorted to species level at each 

station and recorded, with a random sample of up to 30 individuals measured for each 
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species (CRD GADNR, 2016). Black Gill and other syndromes that are observed are also 

noted. Shrimpers are allowed to harvest white, brown, pink, rock, royal reds, and sea bob 

shrimp with no catch limits (CRD GADNR, 2008). In addition to the commercial 

industry there is also a small recreational fishery. Both the commercial and recreational 

collecting of shrimp is regulated and enforced by the Georgia Department of Natural 

Resources (CRD GADNR, 2014).  Commercial regulations restrict food shrimp trawls, 

bait shrimp trawls, commercial cast nets and Seine nets, while recreational regulations 

limit shrimping with power-drawn nets, cast nets for food shrimp and bait shrimp and 

seine nets (CRD GADNR, 2008).   

Historically, the combined brown shrimp and white shrimp fisheries make up the 

largest fishery in the state and each species is harvested in larger quantities during 

different times of the year. There is a spring and a fall white shrimp fishery and a summer 

brown shrimp fishery. Brown shrimp make up the majority of the summer harvest from 

May to August, with an average of 300,000 pounds caught annually from 2005-2015 

(Figure 1.5). The fall fishery, typically lasting from August until the season closes, 

accounts for the majority of the penaeid shrimp caught in Georgia’s nearshore waters 

(Belcher and Jennings, 2004). The fall harvest of white shrimp from August through 

November produces annual averages of 1.2 million pounds of shrimp (Figure 1.5).  

In 2012, the Georgia shrimp fishery fleet consisted of approximately 243 

commercial vessels that made a total 1903 trips (CRD GADNR, 2013). In addition to 

landings declining, fishing effort (number of trips) has also declined 60% below the long 

term average from 1989-2012, making it difficult to understand the state of the shrimp 

population based only in commercial landings reports. The catch per unit effort (CPUE) 
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(2.2 pounds caught per 15 minute trawl) has also decreased (CRD GADNR, 2013), 

indicating that although the fleet size has been reduced and appears to have had 

contributed to the fishery decline, shrimpers have become more efficient at fishing.  

  During December 2013, the Georgia Department of Natural Resources landing 

reports revealed the fall harvest of white shrimp well below the long term average, 

producing an overall catch of only 1 million pounds (CRD GADNR, 2013). The 

reduction in landings resulted in the Georgia fall white shrimp fishery being declared a 

disaster by Governor Nathan Deal. The decline was attributed to excessive rainfall and an 

increase in Black Gill observed in the population, which led to a 58% reduction in harvest 

and a 43% reduction in the overall value of the fishery based on the five year average 

(US Dept. of Commerce, 2013). This was the first time the shrimp fishery was ever 

declared a disaster and Black Gill likely played a significant role in the increased 

mortality that was observed.  

 

1.5 Shrimp Black Gill 

 The penaeid shrimp innate immune system is comprised of a semi-open circulatory 

system of hemolymph that contains hemocytes and humoral components that function to 

control infection and foreign invaders (Aguirre-Guzman et al., 2009). Shrimp live in 

environments where high numbers microorganisms occur, so survival is dependent on 

successful defense systems. The shrimp immune system typically works rapidly and 

efficiently, recognizing pathogens and initiating a defense that includes hemocytes, 

plasma components, a clotting cascade, and the prophenoloxidase system (Aguirre-

Guzman et al., 2009). 
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 Black Gill arises from the biochemical process called melanization and can be 

triggered  by a wide variety of pathogens such as the bacteria, fungi, protists, viruses, and 

nutrient deficiencies (Couch, 1978; Magarelli et al., 1978 ). Once a parasite gains entry 

into the shrimp, recognition molecules in the hemolymph begin to synthesize and activate 

immune factors (Soderhall and Cerenius, 1998). The recognition molecules activate the 

prophenoloxidase (ProPO) system (Aguirre-Guzman et al., 2009), including the ProPO 

cascade of serine proteinases and phenoloxidase (PO), the enzyme involved in melanin 

formation (Soderhall and Cerenius, 1998).  Melanin, a long lived pigment (Cerenius et 

al., 2008) that is dark brown in color and has antibacterial properties (Holmblad and 

Soderhall, 1999) forms a nodule and encapsulates the foreign material (Cerenius et al., 

2008). The thick capsule of melanin formed around the microbe generates visible black 

specks that are caused by the color of the melanin in the gill lamellae (Figure 1.6) 

(Aguirre-Guzman et al., 2009), hence the term Black Gill. Once the nodule is formed 

short lived cytotoxic reactive intermediates of oxygen and nitrogen involved in PO-

mediated melanization break down the foreign organism (Charoensapsri et al., 2014).  

However, when host tissue is exposed for extended periods of times or at excess levels 

these cytotoxic substances can cause cell death and host tissue damage (Charoensapsri et 

al., 2014).  When ecdysis, or molting occurs, the old exoskeleton is shed containing the 

nodules where the microbes were broken down by the reactive intermediates, thereby 

removing the foreign invader. As the new exoskeleton hardens, the shrimp should be free 

of any pathogens.  

There are multiple methods to identify Black Gill: visual identification, detection 

through molecular diagnostics, and microscopy.  Each method has contributed to the 
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current understanding of Black Gill by providing evidentiary support that the sBG ciliate 

is the causal agent and not another pathogen. They are used complimentary to one 

another and each is beneficial at detecting Black Gill at different infection stages. Visual 

identification of sBG is the method used currently by the shrimping industry and 

monitoring agencies and is best at detecting later stages of the syndrome. The color of 

shrimp gill tissue infected with sBG can range from a light brown (low infection) to a 

black color (heavily infected) depending on the severity of infection (Figure 1.7). Severe 

infections can be visually identified; however, shrimp with low grade or early infections 

where there ciliates are present and nodule formation has begun but melanin has yet to 

accumulate can easily be diagnosed as negative for sBG.  

The molecular diagnostic assay is a method used for early detection sBG and 

measures the presence or absence of sBG ciliate DNA (Frischer et al., in prep). The 

presence of the ciliate DNA in samples with Black Gill and the absence in samples 

without Black Gill has provided support that the sBG ciliate is the pathogen responsible 

for Black Gill. The assay uses a Polymerase Chain Reaction (PCR) approach, amplifying 

the sBG ciliate DNA with primers that specifically target the sBG 18S rRNA gene. It is 

capable of identifying specimens with low numbers of ciliates and has been instrumental 

in understanding the seasonal distribution of Black Gill. One limitation of the molecular 

assay occurs when the ciliate DNA is degraded by excessive or prolonged exposure to the 

cytotoxic chemicals involved in melanogensis. When this happens the assay is not 

capable of detecting the ciliate DNA even if nodule formation is visible.    

Microscopic techniques have provided strong evidence that the ciliate observed in 

the gill tissue of the shrimp is the cause of Black Gill. Magnification of a gill tissue 
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stained with H and E (hematoxylin and eosin) from a shrimp with Black Gill reveals 

ciliates with a specific morphology, nodule formation, melanization, and tissue necrosis 

(Figure 1.8). When samples with Black Gill are examined, typically there are many 

ciliates and nodules but few other microbes present, providing additional evidence that 

the ciliate is likely the causal agent. The ciliate is typically observed on the distal tips of 

the gill lamellae with nodule formation, melanization, occurring around the microbe 

(Figure 1.8). The number of ciliates and nodules that are formed through PO-mediated 

melanization on the gill lamellae can be counted as a means to quantify the relationship 

between the number present and the Black Gill infection severity. There is a significant 

relationship between gill color and the density of the ciliates (r2=0.988) and nodules 

(r2=0.960) present (Figure 1.9). Occasionally, tissue is severely damaged due to the 

cytotoxic substances released during melanization that no ciliates or nodules are visible 

even though the shrimp appears to have Black Gill. Figure 1.10 compares how well each 

method agrees with the other in identifying sBG. Most sBG samples analyzed using the 

molecular method and histology agreed, with only a 3.7% disagreement (Figure 1.10). 

The discrepancy observed is most likely caused by an insufficient amount of sBG ciliate 

DNA available to perform PCR caused by the production of cytotoxic intermediates that 

dissolved the ciliate. When samples were analyzed using the visual method and the 

molecular assay, 20% of samples did not agree on diagnosing Black Gill (Figure 1.10).  

 

1.6 Shrimp Black Gill Distribution  

Shrimp Black Gill was first reported in the fall of 1996 and documented by the 

Georgia Department of Natural Resources Coastal Resources Division’s fishery 
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independent Ecological Monitoring Trawl Survey program (Page, 2012). Over 20% of 

trawls collected since 2002 (total trawls=5,366) had shrimp with sBG, with a 14.2% 

infection rate of all shrimp processed (N=978,088). Black Gill is distributed throughout 

the region and affects shrimp in all six sound systems of Georgia (Figure 1.11). Infection 

rates vary and do not seem to be correlated with landings (Figure 1.1). 

Black Gill does not have a uniform distribution throughout the year, disappearing 

during the winter months in the shrimp and reappearing during the spring months (Figure 

1.3). The highest levels of sBG are observed September through November, 

corresponding to the period when the majority of white shrimp are caught.  The observed 

seasonality of sBG can potentially affect the entire fall white shrimp fishery which 

accounts for 60% of the penaeid harvest (Figure 1.5). The seasonal pattern is observed 

coastwide throughout Georgia (Figure 1.11). The cause of sBG prevalence declining 

during winter is unknown. It has been reported that juvenile shrimp in Mexico have a 

higher incidence of contracting parasitic diseases during June, July and August when 

waters are at their warmest, with a peak of gill protozoans observed in November and an 

absence throughout the remaining months (del Rio-Rodgriguez et al., 2014). This same 

pattern is observed in Georgia, suggesting environmental triggers correlated with 

seasonality influence prevalence and transmission of sBG. The lack of shrimp observed 

with sBG in cold months indicates that a reservoir(s), possibly environmental (water or 

sediment) or another other organism(s), is harboring the causal agent during low 

temperature periods and re-infecting the shrimp in the spring and summer months. 

Identification of the reservoir(s) is critical to understanding the biology and transmission 

of BG for management of the fishery. 
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1.7 Shrimp Black Gill Ciliate Identity  

The species of ciliate that is the causal agent of shrimp Black Gill is unclear. 

Molecular analysis using rRNA gene sequencing supports that it is an apostome ciliate, 

closely related to Hyalophysa chattoni (Figure 1.2); however, microscopic analysis does 

not support that conclusion (S. Landers , personal communication, 2015). According to 

Dr. Landers, a leading expert on apostome ciliates, there is no morphological evidence 

that the sBG is an apostome ciliate and reports he has never seen this ciliate before and 

therefore cannot determine its identity.  Because molecular and microscopy analysis 

provide different conclusions about the identity, a consensus of what group the ciliate 

belongs to remains controversial. 

  Apostome ciliates are symbionts of decapod crustaceans and have been reported 

to infect the gills in white shrimp Litopenaeus setiferus in Mexico (Dominguez-Machin et 

al., 2011). Apostome ciliates of the genus Hyalophysa, the most closely related species to 

sBG based on genetic analysis, have been documented as parasites of crustaceans for 

over 50 years (Bradbury, 1966). Exuviotrophic apostome ciliates feed on the exuvial fluid 

of the host’s exoskeleton following ecdysis (Landers, 2004). Apostome ciliates have a 

complex life cycle that is separated into multiple stages (Browning and Landers, 2012). 

The life history includes the phoront, trophont, protomont, tomont, protomite, and tomite 

stages (Bradbury, 1966). Hyalophysa spp. have a life span of 1-3 weeks that is spent 

mostly encysted on the host (Landers, 1986). During phoront stage, cells encyst on the 

host exoskeleton (Landers et al., 1996). Following ecdysis by the host, the free-living 

stage begins. The cells excyst and the trophonts feed rapidly on the exuvial fluid of the 

freshly molted exoskeleton for 1-2 days, after which they settle on a substrate where they 
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encyst and divide (Landers, 1986; Pisani et al., 2008). The products of this division are 

tomites, which then excyst and require finding a new host to attach to as the phoront 

stage. Following attachment to the host the phoronts will encyst and remain until the host 

molts, completing the life cycle (Landers et al., 1996).  

  Ciliates are typically classified in groups and species based on the morphology of 

their ciliature (Landers, 2004). Classification based on morphology is difficult, as the 

trophonts are the only stage used for species identification, and multiple variants of the 

same species can occur (Landers, 2004). Multiple morphologies of H. chattoni on a 

single host, which were different from the original description provided by Bradbury in 

1966, have been reported (Landers, 2004). The different morphologies of H. chattoni 

were classified as distinct variants and not a single species as had been previously 

described and highlight the challenge that scientists face when trying to decipher between 

two morphologies to make classification distinctions. Such decisions have led to 

problems in speciation and species identification of ciliates (Landers, 2004).  

Identification of the sBG ciliate has proven difficult. There are clear morphological 

differences indicating the sBG ciliate is not Hyalophysa chattoni, even though genetic 

analysis has revealed it to be the most closely related species. One defining characteristic 

of apostomes is the presence of kinetodesmal fibers (Bradbury, 1966). Microscopic 

analysis of the sBG ciliate indicates that it lacks characteristics of apostomes that include 

well-stacked kinetodesmal fibers anchoring the basal part of the body, food plaquettes, 

trichocysts, an epiplasm, and the shape of the cyst is spherical unlike the oblong shape of 

H. chattoni (Figure 1.12).  Although the sBG ciliate does not appear to share common 
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traits of apostome ciliates, as of yet, it is not possible to identify it based on these factors 

observed to date. 

Morphological based classifications have been the primary approach in 

identifying phylogenetic relationships of the major classes of ciliates (Clamp et al., 

2008). However, with the invention and advancement of gene sequencing of the rRNA 

gene (Small Subunit rRNA), specifically the ~1800 base pair 18S rRNA gene, 

phylogenetic relationships between groups of interest are able to be established at the 

molecular level (Clamp et al., 2008; Pereira, et al., 2008). The diagnostic assay 

performed during this study measured presence or absence of the ciliate DNA in animal 

tissue and environmental samples. This approach has been instrumental in providing a 

means to conduct genetic exploration through DNA barcoding to describe the species. 

Because the sBG ciliate was unknown, the assay required primers to be designed to 

amplify the ciliate DNA by PCR method.  Using a modified ciliate primer set that was 

developed by Guo et. al (2012), a preliminary analysis of an 800 base pair fragment of 

the sBG ciliate 18S rRNA gene from 31 shrimp gill samples with visible Black Gill was 

performed. The results indicated that the sBG ciliate was 94% similar to Hyalophysa 

chattoni (M. Frischer, personal communication, 2014). A sequence analysis of the entire 

18S rRNA gene of approximately 1800 base pairs grouped the isolate again with 

Hyalophysa chattoni with a higher genetic similarity of 99% than the partial sequence 

(Figure 1.2). Sequencing of the full length sBG 18S rRNA gene has provided strong 

evidence that the ciliate causing sBG is an apostome, contradicting the morphological 

studies. While sequencing provides a reliable tool to accept or reject morphologically 
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based hypotheses about phylogenetic relationships, the sBG ciliate identity remains 

uncertain and is possibly an undescribed species.   

Despite Black Gill being first observed in Georgia in the mid 1990s, it is still 

poorly understood. Many questions remain, including the identity of the ciliate that 

causes sBG, the mechanism of how it affects the shrimp, whether sBG causes mortality 

or morbidity, the possible environmental drivers behind the seasonality such as 

temperature and salinity, the identity of reservoirs, are all currently unknown. This study 

was conducted to improve the general understanding of sBG by addressing two of these 

questions. The first goal of this study was to detect the presence of the ciliate responsible 

for sBG in likely reservoirs including crustaceans, water, and sediment (Chapter 2); the 

second goal of this study was to test the hypothesis that sBG causes direct mortality 

(Chapter 3).  
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Figure 1.1 Commercial shrimp landings (lbs) and prevalence of visible Black Gill (%) 

from 1957 to 2015 in Georgia. Data was compiled from the Georgia Department of 

Natural Resources, Coastal Resources Division Ecological Monitoring Trawl Survey 

from all species of Georgia food shrimp landings. Landings are annual totals (lbs) of 

shrimp caught per year. Black Gill prevalence is the average percentage of shrimp 

observed to have visible Black Gill from August to December for each year, when Black 

Gill is present.  
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Figure 1.2 Inferred phylogenetic relationships of apostome ciliates and the Georgia 

shrimp Black Gill ciliate. Phylogenetic relationships were inferred using the Maximum 

Likelihood Method based on the Tamura-Nei model (1993). Bootstrap values (percentage 

of 1000 replicates) are shown. GenBank accession numbers are shown in parenthesis. 

The 18S rRNA gene from the Oligohymenophorea ciliate Tetrahymena thermophilia 

(GeneBank accession no. M10932.1) was used to root the tree. Phylogenetic analysis was 

facilitated using the MEGA6 package (Tamura et al,. 2013). 
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Figure 1.3 Monthly distribution of Black Gill in white shrimp observed by Georgia 

Department of Natural Resources Ecological Monitoring Trawl Survey. Shown is the 

coast-wide average per month from 1996-2015. Shrimp samples were collected from 42 

stations per month in the six sound systems along the Georgia coast. Black Gill begins to 

emerge during August, peaks in September and October, and begins to decline around 

November.  

 

 

 

 

 

 



20 
 

 

Figure 1.4 Sampling locations of Georgia Department of Natural Resources Coastal 

Resources Division’s fishery independent Ecological Monitoring Trawl Survey (EMTS) 

stations along the Georgia coast. Forty-two stations are sampled each month in Georgia’s 

six estuarine sound systems, which include Wassaw, Ossabaw, Sapelo, St. Simons, St. 

Andrews, and Cumberland. Map courtesy of Georgia Department of Natural Resources 

Coastal Resources Division.  
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Figure 1.5 Brown Shrimp Farfantepenaeus aztecus and White Shrimp Litopenaeus 

setiferus monthly average landings from 2005-2015. Landings (lbs) are reported by 

commercial shrimpers to the Department of Natural Resources every month. There are 

two main white shrimp harvests. The spring harvest includes the roe or spawning shrimp 

from April to July. The fall harvest, when the majority of the white shrimp are collected, 

occurs from August to November. Brown shrimp are harvested during the summer from 

May to August. Data provided by the Georgia Department of Natural Resources. 
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Figure 1.6 White shrimp Litopenaeus setiferus with Black Gill. The inset is gill lamellae 

with Black Gill. Image courtesy of Robin Overstreet. 
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Figure 1.7 Progression of sBG color intensity in white shrimp Litopenaeus setiferus. The 

color of shrimp gill tissue infected with sBG can range from a light brown color shown at 

the top, to a black color shown at the bottom, depending on the severity of infection. 

Image courtesy of Todd Mathes.  
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Figure 1.8 Micrograph of an H and E (hematoxylin and eosin) stained section of gill 

tissue from a brown shrimp Farfantepenaeus aztecus with black gill. Arrows indicate the 

sBG ciliate, tissue necrosis occurring from melanization, nodules undergoing formation 

and encapsulation of the ciliate and healthy gill tissue showing normal hematocytes. 

Ciliate and nodule formation is most commonly observed at the distal tips of the gill 

lamellae. Image courtesy of Dr. Anna Walker, Mercer University School of Medicine.  

 



25 
 

Visual Infection Rank

Clean Light Brown Brown Black

A
ve

ra
ge

 N
um

be
r C

ilia
te

s/N
od

ule
s p

er
 sq

. m
m

-10

0

10

20

30

40

50

60

Ciliates per sq. mm
Nodules per sq. mm

 

Figure 1.9 Relationship between average number of ciliate and nodules tissue density 

(per square mm of gill tissue) to Black Gill color intensity (N=74). Ciliate and nodules 

from H and E stained sections of white shrimp Litopenaeus setiferus gill tissue were 

counted. A significant relationship between gill color and density of ciliates (r2 =0.988) 

and nodules (r2 =0.960) is shown. Data courtesy of Dr. Anna Walker, University of 

Mercer Medical School. 
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Figure 1.10 Comparison of the visual, PCR, and histological detection of sBG in Georgia 

white shrimp Litopenaeus setiferus.  A) Visual vs. PCR detection of sBG. 163 shrimp 

collected during the Georgia Department of Natural Resources Ecological Monitoring 

Trawl Survey from August 2013-November 2014 were identified as symptomatic for 

sBG or not. Shrimp gill samples were assayed for presence or absence of sBG ciliate 

DNA by PCR method. Visual identification is capable of identifying shrimp with BG 

during later stages of infection, while PCR is able to detect sBG during earlier stages. B) 

Histological vs. PCR detection of sBG. Gill tissue samples from 27 shrimp collected 

during the Georgia Department of Natural Resources Ecological Monitoring Trawl 

Survey from August 2013-November 2014 were assayed for presence or absence of sBG 

ciliate DNA by PCR method. Tissue samples were also stained with H and E to identify 

presence of the sBG ciliate using microscopy. PCR and histological methods are able to 

detect sBG during most stages of infection. 
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Figure 1.11 Black Gill monthly infection rates in white shrimp Litopenaeus setiferus by 

month and sound system collected from 1996-2013 by Georgia Department of Natural 

Resources Ecological Monitoring Trawl Survey. 
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Figure 1.12 Scanning Electron Micrograph (SEM) of white shrimp Litopenaeus setiferus 

gill lamellae infected with shrimp Black Gill ciliate (mushroom shaped object). Image 

courtesy of Dr. Stephen Landers, Troy University.  
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2.2 Abstract 

The Georgia penaeid shrimp fishery has been declining since 2000.  The cause of 

the decline is unknown but coincided with the emergence of a new ciliate infection that 

causes gill tissue melanization, called shrimp Black Gill (sBG). A ciliate of an unknown 

species has been reported as the causal agent of BG. Phylogenetic analysis of the 18S 

rRNA gene has identified the sBG ciliate as being most closely related to the apostome 

ciliate Hyalophysa chattoni (99% genetic similarity). Shrimp Black Gill exhibits a 

seasonal pattern. It is most prevalent from August through November and absent during 

February and March. Low infection levels are observed during the spring and early 

summer. The absence of shrimp Black Gill during winter indicates that the ciliate is 

likely reintroduced annually through a reservoir. The purpose of this study was to 

determine the reservoir(s) the sBG ciliate uses as the source to infect the shrimp host 

through a survey collecting crustaceans, water and sediment. Samples were analyzed 

using a molecular diagnostic assay, followed by phylogenetic analysis of the 18S rRNA 

gene to determine ciliate identities. Multiple species of crustaceans were identified as 

hosts of the sBG ciliate including lesser blue crab Callinectes similis, common spider 

crab Libinia emarginata, mantis shrimp Squilla empusa, seabob shrimp Xiphopenaeus 

kroyeri, and grass shrimp Palaemonetes spp. The sBG ciliate was not detectable in water 

or sediment samples. This study is the first to identify potential reservoirs of the sBG 

ciliate and our findings suggest that the ciliate is widely distributed in Crustacea found in 

coastal Georgia. Future studies consisting of larger surveys should be conducted to 

identify all potential reservoirs of the sBG ciliate for transmission pathway exploration 

and forecasting prevalence of sBG. 
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2.3 Introduction 

Black Gill (BG) in penaeid shrimp was first observed in Georgia in 1996 (Page, 

2012). Since 2000, brown shrimp Farfantepenaeus aztecus and white shrimp Litopenaeus 

setiferus landings have been significantly declining while BG prevalence has increased 

(Figure 1.1). The cause of the decline is unknown but it is hypothesized that Black Gill 

has played a substantial role (Gambill et. al, 2015).  Black Gill is a descriptive term used 

when shrimp gills turn black due to the general immune response to a foreign microbe or 

nutrient deficiency (Couch, 1978; Magarelli et al., 1978). In Georgia, the causal agent of 

Shrimp Black Gill (sBG) has been identified as a ciliate of a yet to be determined species 

(Gambill et al., 2015).   

Shrimp with Black Gill are observed only during specific months of the year, 

indicating that the sBG ciliate may use the shrimp host seasonally. Shrimp with visibly 

darkened gills are generally observed beginning in August and persist through December 

(Figure 1.3). The highest incidence of shrimp with BG occurs from September through 

October. Shrimp with BG are rarely detected from January-July in Georgia (Figure 1.3). 

One possible explanation for the absence of sBG during the colder months is that the sBG 

ciliate uses a secondary host or reservoir. Multiple studies have reported seasonal 

transmission patterns of ciliates infecting shrimp hosts (Jayasree et al., 2001; Lopez-

Tellez et al., 2009; Chakraborti and Bandyapadhyay, 2011). The studies report that 

seasonal variations in salinity, temperature, and dissolved oxygen levels influence the 

distribution of ciliate infection rates in shrimp.  In Georgia, as annual water temperatures 

increase, the sBG ciliate could be reintroduced to the system through a reservoir and 

reinfection of the shrimp population established. Identification of the potential 
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reservoir(s) that the sBG ciliate uses to infect commercial penaeid shrimp is the focus of 

this study.  

Penaeid shrimp serve as hosts for many species of protozoan parasites, including 

ciliates (Overstreet, 1973). While the species of the sBG ciliate is still unclear, 

phylogenetic analysis of the small subunit ribosomal RNA gene (18S rRNA) has 

identified it as belonging to the subclass Apostomatia, and most closely related to 

Hyalophysa chattoni (99.6% nucleotide similarity) (Figure 1.2). Apostome ciliates have 

been well described as symbionts of decapod crustaceans (Landers, 2004) and have been 

documented as parasites of a wide range of species of crustaceans (Bradbury, 1966).   

Hyalophysa spp. is one of the most common genera reported in North America 

with a wide spatial distribution (Landers, 2004). A broad geographical distribution 

enables Hyalophysa spp. to use a variety of invertebrates, including multiple species of 

crab, crayfish, and shrimp in both freshwater and saltwater as hosts (Landers et al., 1996; 

Browning and Landers, 2012). Given that the sBG ciliate is closely related to Hyalophysa 

spp., it is reasonable to assume a similar crustacean(s) to penaeid shrimp could 

potentially serve as a reservoir(s). Within the Georgia sounds and estuaries, this would 

include crabs, grass shrimp Palaemonetes spp., non-commercial shrimp, and zooplankton 

as warranting of being investigated as potential reservoirs.  

Grass shrimp Palaemonetes spp. are widely distributed on the eastern United 

States coast (Chaplin-Ebanks and Curran, 2007), occupying the same environment as 

penaeid shrimp. Hyalophysa chattoni has been well described as a symbiont of the grass 

shrimp Palaemonetes spp. and has been used to study morphology, feeding processes, 

environmental tolerances and reproduction of H. chattoni (Bradbury et al., 1997; Landers 
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et al., 2001; Pisani et al., 2008; Bradbury et al., 2013). This well chronicled biological 

relationship between the two species, along with the overlapping habitat with penaeid 

shrimp provides strong support to investigate grass shrimp Palaemonetes spp. as a 

possible reservoir of the sBG ciliate. Zooplankton are another potential reservoir as they 

are a food source for shrimp and share the same environment. Shrimp prey on a wide 

variety of microinvertebrates, including zooplankton (Pollack et al., 2008). Copepods, a 

group of zooplankton, have been reported as hosts to apostome ciliates and have been 

detected in the southeastern United States (Grimes and Bradbury, 1992). While host 

physiological requirements of the sBG ciliate assists in determining what reservoirs to 

investigate, the lifecycle of apostomes also plays a significant role in identifying potential 

reservoirs of the sBG ciliate in Georgia. 

Apostome ciliates, including Hyalophysa spp. have been well described in the 

literature as exuviotrophic organisms with complex life cycles that can be separated into 

multiple stages (Browning and Landers, 2012). The life cycle includes: the phoront, 

trophont, protomont, tomont, protomite, and tomite stages (Bradbury, 1966). Hyalophysa 

spp. have a life span of 1-3 weeks that is spent mostly encysted on the host (Landers, 

1986). During phoront stage, cells encyst on the host exoskeleton (Landers et al., 1996). 

Following ecdysis by the host, the free-living stage begins. The cells excyst and the 

trophonts feed rapidly on the exuvial fluid of the freshly molted exoskeleton for 1-2 days, 

after which they settle on a substrate where they encyst and divide (Landers, 1986; Pisani 

et al., 2008). The products of this division are the tomites, which then excyst and are 

capable of swimming. The tomites require finding a new host to attach to as the phoront 

stage. Following attachment to the host the phoronts will encyst and remain until the host 
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molts, completing the life cycle (Landers et al., 1996). The free-living swimming stage 

following molting, has been identified as a possible transmission route for the sBG ciliate 

to travel to another shrimp or to a reservoir(s), if the sBG ciliate follows the same life 

cycle as other apostome ciliates. This free swimming stage also provides support that 

water could be a source of transmission and should be investigated for the sBG ciliate. 

The sediment, which is in constant contact with the water, also has the potential to be a 

reservoir of the sBG ciliate. 

In 1977, the Georgia Department of Natural Resources closed access to 

commercial fishing in the sounds to protect sensitive nursery areas for many species. 

Since that time shrimpers and other fisherman have protested the imposed closure 

because it reduced the area available for fishing. With the emergence of sBG occurring 

after the sound closure, some shrimpers have expressed the belief that blocking access to 

the area has allowed the causal agent of sBG to persist in the sediment of the Georgia 

sounds and infect the shrimp population. They contend that if the sounds were reopened 

to trawling, the sBG ciliate would be disturbed by the trawls and the number of shrimp 

affected by sBG would be reduced. There is little to no evidence to support that the sBG 

ciliate could survive in sediment, but given the shrimpers concern it warrants 

investigation. 

The purpose of this study was to determine the reservoir(s) the sBG ciliate uses as 

the source to infect shrimp host. A survey of crustaceans, including a variety of crabs, 

grass shrimp (Palaemonetes spp.), copepods (Acartia tonsa), and water and sediment was 

performed.  Samples were extracted, purified, and a molecular diagnostic assay was 

conducted to detect presence or absence of the sBG ciliate. Samples identified as positive 
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for the sBG ciliate were sequenced for the 18S rRNA gene to determine the ciliate 

identity through phylogenetic analyses.  This study tested the hypothesis that the sBG 

ciliate is found in other crustaceans and would not be detected in water or sediment. 

Species identified to be positive for the sBG ciliate are potential reservoirs of sBG when 

the condition is absent in commercial penaeid shrimp.  

 

2.4 Materials and Methods 

2.4.1 Crustacean Collection  

A broad range of crustaceans, including crabs, mantis shrimp, seabob shrimp, and an 

unidentified isopod were collected from Georgia waterways and offshore of the Georgia 

coast from August-October in 2015 (Table 2.1) when Black Gill prevalence is typically 

highest. Specimens were caught during 15 minute trawls using a 12.2 m flat net pulled 

behind the boat. Samples were collected on the Georgia Department of Natural Resources 

RV Anna, the Skidaway Institute of Oceanography RV Savannah, and the Georgia Marine 

Extension RV Sea Dawg. Grass shrimp Palaemonetes spp. were collected weekly from 

Skidaway River on the dock at Skidaway Institute of Oceanography Savannah, GA from 

March to November, 2015. A dip net was dragged along the side of the dock to collect 

the grass shrimp. Approximately twelve grass shrimp Palaemonetes spp. were collected 

each week.  Prevalence of the sBG ciliate from commercial penaeid shrimp collected 

from the Wassaw Sound Estuary, GA were compared with grass shrimp collected from 

the Skidaway River dock at Skidaway Institute of Oceanography Savannah, GA (Verity 

and Borkman, 2010). Replicate gill tissue samples were immediately excised from each 

crab, mantis shrimp, seabob shrimp, or grass shrimp using dissection forceps and 
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preserved in both 70% non-denatured ethanol for molecular analysis and 10% zinc 

formalin for histological analysis. Zooplankton samples were collected from the 

Skidaway River on the dock at Skidaway Institute of Oceanography Savannah, in 

October and November, 2015 (Table 2.1) using a 30 cm ring diameter, nylon mesh 

plankton net with a 64 µM filtering cod end assembly. Samples were preserved in 70% 

non-denatured ethanol for molecular analysis. All samples were stored at room 

temperature until future processing.  

 

2.4.2 Sediment and Water Collection 

Water and sediment samples were collected from the Wassaw Sound estuarine system 

and offshore of the Georgia coast in October, 2014, and August and October, 2015 when 

Black Gill prevalence is typically high (Table 2.1). Water was collected ~1 m above the 

bottom using 10 L Niskin bottles on a rosette and dispensed into 25 L carboys. Water 

from each carboy was filtered first through 200 μm mesh netting and collected on to a 3.0 

μm, 47 mm, polycarbonate membrane filter (Millipore cat#TSTP04700). The 3.0 μm 

polycarbonate membrane filter was cut in half, placed in 15 mL tubes and stored at -80º C 

for subsequent DNA extraction and PCR analysis. 

Sediment samples were collected using a Ponar grab sampler. Five aliquots of each 

sediment sample were preserved in polypropylene vials containing 70% non-denatured 

ethanol for future molecular analysis. Sediment collected on 10/9/2014 was distributed 

into aquaria containing shrimp with Black Gill. This was carried out to create a positive 

control for the sediment assay by exposing sediment to the sBG ciliate from shrimp 

known to have with Black Gill.  
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2.4.3 Tissue Extraction and DNA Purification  

Extraction of shrimp and crab gill tissue samples was performed by mincing a single gill 

tissue sample into smaller pieces using a sterile razor blade and adding it to a 1.5 mL 

Eppendorf tube.  Preserved zooplankton samples were divided into 2 samples, a mixed 

sample and an isolated sample. The mixed sample contained all the biological material in 

the sample and was obtained by filtering 5 mL of the preserved stock sample onto a 0.8 

µM, 25 mm Supor® filter. Triplicate replicates were analyzed for each independent 

sample. The isolated samples were acquired by removing 5 copepods (Acartia tonsa) 

from the preserved stock sample using forceps under a dissection microscope and placing 

them in a 1.5 mL Eppendorf tube. Triplicate subsamples were analyzed. Purification of 

DNA from crustaceans (including shrimp, crabs, and zooplankton) was facilitated using 

the Qiagen© DNeasy Blood and Tissue kit. DNA purification followed the 

manufacturer’s protocol.  Samples were then stored at -20° C until subsequent analysis.  

 

2.4.4 Sediment and Water Extraction and DNA Purification 

Purification of DNA from sediment (0.25 g) and water filter samples (1/2 of a 3.0 µm, 47 

mm filter) was performed using the Mo Bio Laboratories PowerSoil® DNA Isolation Kit. 

Purification was performed according to the manufacturer’s protocol. Purified samples 

were stored at -20° C until subsequent analysis.  

 

2.4.5 PCR Detection of sBG Ciliate DNA 

 Routine assessment for the detection of sBG ciliate DNA was determined by polymerase 

chain reaction (PCR) assay. The primer set Hyalo-18SF-754 (5’-GCA CAG TTG GGG 
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GCA TTA GT-3’) and Hyalo-18SR-952 (5’-GAC CAA GTT ATA AAA TGG CCA-3’) 

were utilized to uniquely detect a 198bp fragment of the sBG 18S rRNA gene were used. 

These primers were previously developed (Frischer et al., in prep) and synthesized 

commercially by Integrated DNA Technologies. Crustacean samples were assayed at a 

neat concentration and diluted 1:10 in molecular grade water. Qiagen’s Taq PCR Master 

Mix Kit (Cat#201445) with a 25 µL per sample reaction volume ((23 µL of template (9.9 

µL molecular grade water; 12.5 µL Master Mix; 0.3 µL primer 1; 0.3 µL primer 2 per 

sample) and 2 µL of DNA template)) was amplified using the Applied Biosystems Gene 

Amp PCR System 9700 thermocycler.  The reaction conditions were as follows:  

1) initial denaturation step at 94° C for 3 minutes  

2) 30 cycles  

denaturing at 94° C for 30 seconds 

  annealing at 56° C for 30 seconds 

  extension at 72° C for 30 seconds  

3)  final elongation step of 5 minutes at 72° C 

An extracted sample from a shrimp gill sample previously assayed was used as a positive 

control. A negative control of template with no DNA template added, was also run. A 2% 

agarose gel was run for 1 to 1.5 hours at 70 V. The Invitrogen 100 bp DNA ladder 

(Cat#15628019) was used as standard. A sample positive for the sBG ciliate displayed a 

visible band between the 100 bp and 200 bp standards. A negative sample lacked a 

visible band. An example of the agarose gel is shown in Figure 2.1. 
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2.4.6 Sequencing of sBG Ciliate Positive Crustacean Samples for the 18S rRNA Gene  

Crustacean samples positive for the sBG ciliate 200 bp fragment were sequenced to 

determine if the ciliate DNA amplified was the same as the sBG ciliate. The majority of 

positive crustacean samples yielded weak bands during the initial assay, indicating that 

there were low levels of ciliate DNA present or that amplification reactions conditions 

were not fully optimized. The 1800 bp of the ciliate 18S rRNA gene was amplified for 

each sample. Amplification of long amplicons is less efficient than amplifying short ones. 

Therefore, a nested PCR protocol was performed. During the nested protocol, the ciliate 

target DNA underwent a first run of amplification using a primer set. The product from 

the first reaction was amplified a second time with the same primers to increase product 

yield and reduce non-specific binding, Because the ~1800 bp amplicon is long, 2 smaller 

fragment pieces with overlapping sections were amplified. One primer set (from bp 15-

952) consisted of Universal 18SF15 (5´-CTGCCAGTA GTCATATGC-3´) and Hyalo 

18S952 (5´-GACCAAGTTATAAAATGG CCA-3´). The other amplicon section used 

primer set (from bp754-1765) Hyalo 18SF754 (5´-GGACAGTTGGGGGCATTAGT-3´) 

and Universal 18SR1765 (5´-ACCTTGTTACGACTT-3´). All samples were assayed 

undiluted. Samples were amplified using Qiagen’s Taq PCR Master Mix Kit 

(Cat#201445) with a 25 µL per sample reaction volume ((23 µL of template (9.9 µL 

molecular grade water; 12.5 µL Master Mix; 0.3 µL primer 1; 0.3 µL primer 2 per 

sample) and 2 µL of DNA template)) with 0.1 µL of 1 U/µL T4 DNA Ligase (Roche 

14892527) added to each sample. Sample amplification was run using the Applied 

Biosystems Gene Amp PCR System 9700 thermocycler.  The reaction conditions were as 

follows:  
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1) initial denaturation step at 95° C for 3 minutes  

2) 30 cycles  

denaturing at 95°C for 30 seconds 

  annealing at 50° C for 30 seconds 

  extension at 72° C for 90 seconds  

3)  final elongation step of 10 minutes at 72° C 

The product for each sample was amplified a second time using the same primer set and 

the same protocol and reaction conditions.  To visualize the amplified PCR product, gel 

electrophoresis was run using a 2% agarose gel for 1 to 1.5 hours at 70 V. The Invitrogen 

100 bp DNA ladder (Cat#15628019) was included as the standard. Bands matching the 

size of the amplified fragment of interest (900 or 1000 bp) were excised from the gel, 

minced using a sterile razor blade, and placed in spin columns from the BioRad Freeze 

`N Squeeze DNA Gel Extraction Kit (Cat#732-6165). The columns were placed at -20° C 

for 5 minutes, and centrifuged at 13,000 x g for 3 minutes. Following purification, 

cloning was performed. Purified products were ligated using the Invitrogen TOPO TA 

Cloning Kit for Sequencing (Cat#45-0030) following manufacturer’s protocol. The 

ligation reaction mixture for each sample included 0.5 µL of salt solution, 1 µL of sterile 

H20, 0.5 µL of TOPO vector, and 1 µL sample DNA template. Samples were incubated at 

room temperature for 25 minutes. Following ligation, 2 µL of ligated PCR product was 

added to one tube of Invitrogen One Shot® TOP 10 Chemically Competent E. Coli cells 

(Cat#C404010).  Samples were incubated on ice for 25 minutes, heat shocked for 30 

seconds at 42° C, then placed back on ice. 250 µL of room temperature SOC medium 

was added to each sample (Invitrogen Cat#15544034) and incubated at 37° C for 1 hour 
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at 200 rpm on an orbital shaker. 50 µL and 200 µL of the transformed sample was spread 

on Lysogeny Broth (LB) agar plates containing 50 µg/µL of the antibiotic kanamycin and 

incubated over night at 37° C. Three clones from each sample were cherry picked and 

added to 5 mL of LB media with 50 µg/µL of kanamycin and incubated overnight 37° C 

at 200 rpm on an orbital shaker. Plasmids were extracted and purified using the Qiagen 

QIAprep Spin Miniprep Kit (Cat#27104) according to the manufacturer’s protocol. 

Samples were sequenced in both directions by Functional Biosciences, Inc., Madison, 

WI.  

 

2.4.7 Phylogenetic Analysis  

The nucleotide sequences obtained were imported into in BioEdit Sequence Alignment 

Editor Software version 7.2.5. (Hall, 1999), trimmed at the ends to remove sequences 

from the plasmid vector, assembled into contigs, checked for sequencing errors by 

identifying outliers, and aligned. Full length and partial length sequences were generated, 

dependent on the sample quality. Sequences obtained were searched against GenBank 

database using the Basic Local Alignment Search Tool (BLAST). The alignment data set 

of two full length sequences (1666 and 1668 nucleotide positions) and 5 partial sequences 

(854-980 nucleotide positions) were compared with the sBG ciliate sequence and 7 ciliate 

species from the Subclass Apostomatia (Hyalophysa chattoni strain HpC-1 EU503536.1, 

Hyalophysa chattoni strain HpC-2 EU503537.1, Hyalophysa lwoffi strain HpL-1 

EU503538.1, Gymnodinioides sp. JCC-2008 EU503535.1, Gymnodinioides pitelkae 

EU503534.1, Vampyrophyra pelagica EU503539.1, Synophyra (P. borealis)). 

Hymenostomatida (Tetrahymena thermophile M10932.1) was included as a reference 
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outgroup. Phylogenetic relationships were inferred using the Maximum likelihood 

method described by Tamura-Nei (1993). Bootstrap values (percentage of 1000 

replicates) were calculated. Phylogenetic analysis was facilitated using the software 

package Molecular Evolutionary Genetics Analysis version 6.0 (Tamura et al., 2013).  

 

2.4.8 Statistical Analysis  

The relationship of Black Gill prevalence between grass shrimp and commercial shrimp 

was determined by calculating correlation coefficients (r) by the Spearman Rank Order 

Method in Systat Software, Inc. SigmaPlot version 13.0. The level of significance was set 

at P= 0.05 (5% level of significance). 

 

2.5 Results 

2.5.1 Crustaceans, grass shrimp, and zooplankton 

Twelve identified and 3 unidentified species of crustaceans that were asymptomatic for 

Black Gill were analyzed for presence or absence of sBG ciliate DNA (Table 2.2).  Five 

species were positive for sBG ciliate DNA, including lesser blue crabs Callinectes 

similis, common spider crabs Libinia emarginata, mantis shrimp Squilla empusa, seabob 

shrimp Xiphopenaeus kroyeri, and grass shrimp Palaemonetes spp. (Table 2.2).  The sBG 

ciliate was not detected in the zooplankton mixed or 5 individual copepod samples 

collected (Table 2.2). The results of the routine molecular assay that detected presence or 

absence of the sBG ciliate DNA  for all crustacean samples, except the grass shrimp, are 

shown in Figure 2.1 and Figure 2.2. 
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 Prevalence of the sBG ciliate in grass shrimp Palaemonetes spp.was calculated 

from 153 samples, collected over the 9 month study. Prevalence was highest in March, 

decreased during April-August and was lowest in September (Figure 2.3). Grass shrimp 

sBG ciliate prevalence from samples collected in the Skidaway River were compared 

with commercial penaeid shrimp sBG prevalence from the Georgia Department of 

Natural Resources Ecological Monitoring Trawl Survey samples collected from the 

Wassaw Sound estuary and analyzed for presence of the sBG by the molecular diagnostic 

assay. The two groups displayed a significant (P = 0.05) inverse relationship (r = -0.70) 

(Figure 2.3). Prevalence of the sBG ciliate in grass shrimp was highest during the colder 

months and lowest during historically warm months, while the prevalence of the sBG 

ciliate in commercial penaeid shrimp was highest during the warmer months (Figure 2.3).  

 

2.5.2 Ciliate 18S rRNA Identities from sBG Positive Crustacean Samples 

Ciliate sequences were recovered from lesser blue crab Callinectes similis, mantis shrimp 

Squilla empusa, and seabob shrimp Xiphopenaeus kroyeri (Figure 2.4 and Figure 2.5). 

Clones from lesser blue crab Callinectes similis samples were sequenced; 1 full sequence 

of 1666 bp shared a nucleotide identity 99-100% to Hyalophysa chattoni strains HpC-1 

(EU503536.1) and HpC-2 (EU503537.1) (Figure 2.5). Two partial sequences isolated 

from the lesser blue crab group (843bp and 980bp) shared a 99%  nucleotide identity to 

Hyalophysa lwoffi (EU503538.1), Hyalophysa chattoni strains HpC-1 (EU503536.1), 

Hyalophysa chattoni HpC-2 (EU503537.1), and Gymnodinioides sp. JCC-2008 

(EU503535.1) for the 843bp sample and Hyalophysa chattoni strains HpC-1 

(EU503536.1) and HpC-2 (EU503537.1) for the 980bp sample (Figure 2.4). Clones of the 
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18S rRNA partial gene of 980bp from two mantis shrimp Squilla empusa, were 

sequenced and shared a strong nucleotide identity (99%) to Hyalophysa chattoni strains 

HpC-1 (EU503536.1) and HpC-2 (EU503537.1) (Figure 2.4). Clones from the Seabob 

shrimp samples were sequenced. The 1668bp full sequence shared a 99% nucleotide 

identity to Hyalophysa chattoni strains HpC-1 (EU503536.1) and HpC-2 (EU503537.1) 

(Figure 2.5). The partial 868bp sequence shared a 99% nucleotide identity closest to 

Hyalophysa lwoffi (EU503538.1), and Hyalophysa chattoni strains HpC-1 (EU503536.1) 

and HpC-2 (EU503537.1) (Figure 2.4). 

 

 2.5.3 Phylogenetic Relationships of the Ciliate 18S rRNA Sequences 

 The full unique ciliate sequence from a lesser blue crab C. similis was grouped 

most closely with the sBG ciliate and H. chattoni strain HpC-1 (Figure 2.5). The full 

length ciliate sequence from a seabob shrimp X. kroyer was more distant than the lesser 

blue crab ciliate but still within the Hyalophysa clade that includes the sBG ciliate 

(Figure 2.5). Inclusion of the partial sequence from the ciliate recovered from two mantis 

shrimp S. empusa samples revealed an almost identical identity to the sBG ciliate (Figure 

2.4). The partial sequence of lesser blue crab C. similis was grouped within the 

Hyalophysa chattoni clade but separate from the sBG and mantis shrimp S. empusa clade 

(Figure 2.4). The seabob shrimp X. kroyer partial ciliate sequence was distinct from the 

mantis shrimp and lesser blue crab ciliates and but remained within the Hyalophysa 

group (Figure 2.4).           
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2.5.4 Water and Sediment 

 Eight water samples (Table 2.1) were assayed for presence or absence of sBG 

ciliate DNA. The sBG ciliate was not detected in any of the water samples. Eight 

sediment samples were analyzed and all were negative for ciliate DNA; however, sBG 

ciliate DNA was measurable in the positive control sample, indicating the sBG ciliate is 

capable of being detected in sediment.   

 

2.6 Discussion 

 The present study demonstrated that multiple species of crustaceans serve as hosts 

for the shrimp Black Gill ciliate. The sBG ciliate was detected in lesser blue crab 

Callinectes similis, common spider crab Libinia emarginata, mantis shrimp Squilla 

empusa, seabob shrimp Xiphopenaeus kroyeri, and grass shrimp Palaemonetes spp.  This 

is the first study to investigate and identify potential reservoirs of the shrimp Black Gill 

ciliate. These findings suggest that the ciliate is ubiquitously distributed in crustaceans 

found in coastal Georgia. 

 Five species of crustaceans were identified as hosts of the sBG ciliate, including 2 

crab species (lesser blue crab C. similis and common spider crab L.emarginata) and 3 

shrimp species (mantis shrimp S. empusa, seabob shrimp X. kroyeri, and grass shrimp 

Palaemonetes spp.), indicating that the ciliate is present in a broad range of species. 

Given that 40% of the species collected during the study were infected with the sBG 

ciliate it is plausible that there are more unidentified host species of the sBG ciliate and a 

larger survey of crustaceans from the estuaries and waterways of coastal Georgia would 

confirm that hypothesis. A larger survey should also be performed throughout the year 
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and includes months when Black Gill prevalence is low or not observed to provide 

information about the distribution of the sBG ciliate.  

With a non- specific host range, it is unlikely that transmission of the sBG ciliate 

between commercial shrimp and a reservoir involves one specific species. It is more 

plausible that multiple species are involved and complicated transmission pathways exist, 

which would make it difficult for fisheries management to be able to contain the spread 

of the ciliate. Once all potential reservoirs have been identified, transmission studies 

could be conducted to investigate the conditions necessary for the sBG ciliate to infect 

the shrimp host from the reservoir, which would provide vital information that could be 

used to develop methods to interrupt the transmission pathway.  

While most crustacean samples were collected during the months when sBG 

prevalence is highest, grass shrimp Palaemonetes spp. were collected over a 9 month 

period. Because grass shrimp Palaemonetes spp. are host to multiple parasites (Chaplin-

Ebanks and Curran, 2007), including Hyalophysa chattoni (Pisani et al., 2008), it was 

hypothesized that the sBG ciliate would infect grass shrimp with a similar distribution as 

commercial penaeid shrimp. However, monthly prevalence of the ciliate in grass shrimp 

was shown to have a negative correlation with shrimp Black Gill prevalence in 

commercial shrimp. This relationship suggests that the sBG ciliate is possibly using the 

grass shrimp as a reservoir during the spring and winter, switching to the commercial 

shrimp host when waters historically begin to warm. A possible mechanism of 

transmission of the ciliate between penaeid shrimp grass shrimp may occur when the 

commercial penaeid shrimp prey on grass shrimp Palaemonetes pugio, as was reported 

by Kneib and Knowlton (1995). This could provide an explanation for the annual 
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reinfection of penaeid shrimp that is observed. The identity of the ciliate isolated from 

grass shrimp is unknown, as sequencing was not performed during this study. The ciliate 

may or may not be the same as the sBG and perhaps could be H. chattoni. It is possible 

that the primers used during the molecular diagnostic assay amplified multiple species or 

strains of closely related ciliates, such as both the sBG ciliate and H. chattoni, and the 

ciliate isolated from the grass shrimp is not identical to the sBG ciliate. Without 

sequencing of the 18SrRNA gene and phylogenetic analyses it cannot be confirmed that 

the grass shrimp ciliate is the sBG ciliate.   

Phylogenetic analysis of the unidentified ciliate sequences from the positive 

species crustacean samples revealed a high genetic similarity to the sBG ciliate and other 

apostome ciliates. While the sequences of the 18S rRNA gene from the crustacean 

samples were not found to be identical to the sBG ciliate, it is likely that the ciliates 

isolated during this study are the same species as the causal agent of Black Gill, and is in 

fact a new strain of H. chattoni, based on previous studies. Multiple strains of 

Hyalophysa chattoni were previously identified by Clamp et al. (2008). In their study, 

grass shrimp Palaemontes pugio infected with H. chattoni were collected from two 

geographical locations, Florida and North Carolina. Through sequencing of the 18SrRNA 

gene, each isolate was determined to be a distinct strain with almost identical sequences 

and only a 0.06% genetic distance. Genetic distances were not calculated during this 

study; however, the sequences between the sBG ciliate and crustacean isolates were 

almost identical to H. chattoni strains HpC-1 and HpC-2, supporting the hypothesis that 

the sBG ciliate is possibly a new strain of H. chattoni. The close similarity observed 

between the sBG ciliate, isolated crustacean ciliates, and H. chattoni and other apostome 
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ciliates should be confirmed using other genes, such as the highly conserved  

mitochondrial cytochrome c oxidase subunit I (CO1) gene (Struder-Kypke and Lynn, 

2010), to determine species differentiation. 

The visual symptom of Black Gill in shrimp (darkening of gill tissue) was not 

observed in the crustacean samples collected and it is unclear if the sBG ciliate is 

pathogenic in species other than penaeid shrimp. Apostome ciliates are commensal 

symbionts of crustaceans and generally do not cause damage to their hosts (Johnson and 

Bradbury, 1976). An exception is Synophora, which is parasitic and causes injury to the 

host gill tissue (Johnson and Bradbury, 1976). The full 18S rRNA Synophora gene was 

recently sequenced (Frischer et al., in prep) and was included in the phylogenetic analysis 

of this study. It was hypothesized that the ciliates isolated from the crustacean samples 

may be closely related to Synophora, but the crustacean ciliates were strongly separated 

from Synophora indicating they were not within the same species grouping. Even though 

the isolates from the crustacean specimens collected during this study were not observed 

to induce the same immune reaction as observed in penaeid shrimp, a larger survey over a 

longer time span may yield specimens that exhibit Black Gill symptoms. 

The sBG ciliate was not detected in water or sediment, which indicates that the 

sBG ciliate is unlikely using water or sediment as a reservoir. However, it cannot be ruled 

out as a possible mode of transmission. Apostome ciliates have a free-living water stage 

during the life cycle when trophonts feed rapidly on the exuvial fluid of the freshly 

molted exoskeleton (Landers et al., 1996). While this stage is short, lasting 1-2 days 

(Lander et al., 1996), transmission via water between penaeid shrimp and other 

crustaceans may occur. It is unlikely that at any given time the number of sBG ciliates in 
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the water column is very concentrated, making detection using the current sampling 

method difficult. A larger volume of water or sediment would need to be collected to 

potentially detect the sBG ciliate. It is also possible that the sBG ciliate was not detected 

in water or sediment because transmission occurs between species from predator/prey 

relationships. Blue crabs and mantis shrimp have both been reported to prey on penaeid 

shrimp in their natural environment (Laughlin, 1982;Yi, 2001), indicating a possible 

pathway of transmission. Without the identification of all potential reservoirs, 

transmission pathways can only be speculated, preventing fishery management from 

devising strategic plans that include methods to disrupt transmission.  

While the sBG ciliate was discovered in multiple species of crustaceans, it is 

likely that the ciliate utilizes more hosts. Future studies consisting of larger surveys that 

collect a greater numbers of species over longer temporal ranges should be conducted to 

determine all hosts and potential reservoirs of the sBG ciliate. Transmission pathways 

have yet to be identified and could consist of complicated interactions occurring between 

multiple species. Unfortunately, multiple host species of the sBG ciliate would prevent 

transmission of the sBG ciliate from one host to another from being interrupted using 

traditional management strategies and make forecasting of Black Gill difficult. Based on 

our study, it is clear that the ciliate causing Black Gill in commercial penaeid shrimp is 

efficient in utilizing multiple host species to ensure its survival.    
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2.7 Tables 

Table 2.1 Sampling locations of water, sediment, and crustacean samples collected in 

Georgia.  

Collection 
Date Location Latitude Longitude Samples Collected 

10/9/2014 Wilmington 
River, GA 31° 58.482' N 81° 00.482' W Water and sediment 

10/9/2014 

Offshore in 
commercial 
fishing area, 
GA 

31° 54.762' N 80° 55.167' W 

Water and sediment 

10/9/2014 Wassaw 
Sound, GA 31° 55.323' N 80° 57.773' W 

Water and sediment 

8/27/2015 Wilmington 
River, GA 31° 58.435' N 81°0 0.305' W 

Water, sediment, 
Lesser blue crab 
(Callinectes similis) 

9/8/2015 
Wilmington 
River 31° 29.009' N 81° 00.178' W 

Common spider crab 
(Libinia emarginata) 

10/1/2015 Wilmington 
River, GA 31° 58.791' N 81° 00.112' W 

Water, sediment, 
Common spider crab 
(Libinia emarginata), 
Lesser blue crab 
(Callinectes similis), 
Stone crab (Menippe 
mercenaria, Mantis 
shrimp (Squilla 
empusa)    

10/6/2015 
Jekyll Cove, 
GA 31° 06.097' N 

81°' 25.910' 
W 

Iridescent swimming 
crab (Portunus 
gibbesii), Mantis 
shrimp (Squilla 
empusa)    

10/6/2015 
SSI Towers, 
GA 31° 09.323' N 81° 25.340' W 

Iridescent swimming 
crab (Portunus 
gibbesii), Blotched 
swimming crab 
(Portunus 
spinimanus) 

10/6/2015 
Back River, 
GA 31° 09.026' N 81° 26.738' W 

Lesser blue crab 
(Callinectes similis) 

10/6/2015 
Fedrica 
River, GA 31° 11.894' N 81° 24.853' W 

Lesser blue crab 
(Callinectes similis) 

10/7/2015 
Cowpen 
Creek 31° 12.892' N 81° 33.315' W 

Common spider crab 
(Libinia emarginata) 
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10/7/2015 
GA Pacific, 
GA 31° 10.131' N 81° 31.609' W 

Lesser blue crab 
(Callinectes similis) 

10/8/2015 Skidaway 
Insitute, GA 31° 59.313' N 81°01.273' W Zooplankton 

10/15/2015 
Skidaway 
River, GA 31° 59.494' N 81° 01.542' W 

Lesser blue crab 
(Callinectes similis) 

10/15/2015 
Wilmington 
River, GA 31° 59.430' N 81° 00.155' W 

Lesser blue crab 
(Callinectes similis, 
Common spider crab 
(Libinia emarginata) 

10/15/2015 
Salt Pond, 
GA 31° 55.297' N 80° 57.884' W 

Mantis shrimp 
(Squilla empusa)    

10/15/2015 
Vernon 
River, GA 31° 54.740' N 81° 00.336' W 

Iridescent swimming 
crab (Portunus 
gibbesii), Lesser blue 
crab (Callinectes 
similis), Mud crab 
(Panopeus herbsti) 

10/19/2015 
Jointer 
Creek, GA 31° 02.896' N 81° 27.995' W 

Common spider crab 
(Libinia emarginata), 
Mantis shrimp 
(Squilla empusa)    

10/19/2015 

Cumberland 
High Point, 
GA 30° 56.350' N 81° 26.426' W 

Common spider crab 
(Libinia emarginata) 

10/19/2015 
Floyd's 
Creek, GA 30° 55.875' N 81° 28.826' W 

Common spider crab 
(Libinia emarginata), 
Mantis shrimp 
(Squilla empusa), 
Lesser blue crab 
(Callinectes similis, 
Seabob shrimp 
(Xiphopenaeus 
kroyeri))    

10/19/2015 
Bulkhead, 
GA 30° 58.516' N 81° 35.940' W 

Seabob shrimp 
(Xiphopenaeus 
kroyeri) 

10/22/2015 Wilmington 
River, GA 31° 59.899' N 81° 00.159' W 

Water, sediment, 
Common spider crab 
(Libinia emarginata), 
Lady crab (Ovalipes 
ocellatus), 
Unidentified species 
of isopod 

10/22/2015 Offshore in 
commercial 31° 52.341' N 80° 52.835' W Water, sediment, 

Iridescent swimming 
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fishing area, 
GA 

crab (Portunus 
gibbesii) 

10/22/2015 Wassaw 
Sound, GA 31° 55.849' N 80° 58.110' W Water and sediment 

10/23/2015 Skidaway 
Insitute , GA 31° 59.313' N 81° 01.273' W Zooplankton 

11/24/2015 Skidaway 
Insitute, GA 31° 59.313' N 81° 01.273' W Zooplankton 
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Table 2.2 Detection of Georgia sBG ciliate in other crustacean species. Species, number 

sampled, and the percent positive for the sBG ciliate by PCR diagnostic assay are shown. 

Samples positive for the sBG ciliate are highlighted. 

Crustacean 
# Sampled 

(N) 
% positive for sBG 

ciliate  
Lesser blue crab (Callinectes similis) 19 21.1 
Common spider crab (Libinia emarginata) 10 10.0 
Stone crab (Menippe mercenaria) 1 0.0 
Blue crab (Callinectes sapidus) 1 0.0 
Lady crab (Ovalipes ocellatus) 1 0.0 
Iridescent swimming crab (Portunus 
gibbesii) 5 0.0 
Blotched swimming crab (Portunus 
spinimanus) 1 0.0 
Mud crab (Panopeus herbsti) 1 0.0 
Mantis shrimp (Squilla empusa) 7 28.6 
Seabob shrimp (Xiphopenaeus kroyeri) 5 40.0 
Unidentified species of isopod 1 0.0 
Unidentified species of crabs 2 0.0 
Grass Shrimp (Palaemonetes spp.) 153 25.0 
Isolated copepods (A. tonsa) 9 0.0 
Mixed zooplankton 9 0.0 
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2.8 Figures 

 

Figure 2.1 Detection of the sBG ciliate 200bp fragment of the 18S rRNA gene in 

crustacean samples. Crustacean samples were assayed at an undiluted concentration 

(neat) and a 1:10 dilution on a 2% agarose gel. A 100bp DNA ladder was used as 

standard. 2000bp, 600bp, and 100bp standards are labeled.  Lane descriptions: 1 positive 

control (shrimp gill tissue positive for sBG ciliate); 2 negative control (no DNA); 3 and 

18 empty; 4, 5, 6, 7, 16, 17, 19, 20, 21, 22 seabob shrimp (Xiphopenaeus kroyeri); 8, 9, 

29, 30, 39, 40, 41, 42, 49, 50 common spider crab (Libinia emarginata); 10,11, 12, 13, 

23, 24, 25, 26, 27, 28, 33, 34 lesser blue crab (Callinectes similis); 14,15, 31, 32 Mantis 
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shrimp (Squilla empusa); 35, 36, 37, 38 unidentified species of crab; 43 and 44 blue crab 

(Callinectes sapidus); 45 and 46 stone crab (Menippe mercenaria); 47 and 48 iridescent 

swimming crab (Portunus gibbesii); 51 and 52  lady crab (Ovalipes ocellatus); 53 and 54 

unidentified species of isopod. 
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Figure 2.2 Detection of the sBG ciliate 200bp fragment of the 18S rRNA gene in 

crustacean samples. Crustacean samples were assayed at an undiluted concentration 

(neat) and a 1:10 dilution on a 2% agarose gel. A 100bp DNA ladder was used as 

standard. 2000bp, 600bp, and 100bp standards are labeled.  Lane descriptions: 1, 2, 3, 4, 

41, 42, 57, 58, 59, 60 mantis shrimp (Squilla empusa); 5, 6, 7, 8, 45, 46, 47, 48 iridescent 

swimming crab (Portunus gibbesii); 9 and 10 blotched swimming crab (Portunus 

spinimanus); 11,12, 13, 14, 15, 16, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 39, 40, 

49, 50, 51, 52, 53, 54 lesser blue crab (Callinectes similis); 17, 18, 22, 23, 37, 38, 55, 56, 

61, 62 common spider crab (Libinia emarginata); 19 and 64 positive control (shrimp gill 
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tissue positive for sBG ciliate);  20 and 65 negative control (no DNA);  21, 36, 63, 66-72  

empty; 43 and 44 mud crab (Panopeus herbsti). 
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Figure 2.3 Monthly distribution of sBG ciliate in grass shrimp Palaemonetes spp. (N=3-

31) collected from Skidaway River, GA and commercial penaeid shrimp (N=36-49) 

collected from Wassaw Sound estuary system during the Georgia Department of Natural 

Resources Ecological Monitoring Trawl Survey from March to November in 2015. 

Commercial shrimp samples were not collected in November. A significant negative 

correlation was observed (P<0.05). 
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Figure 2.4 Inferred phylogenetic relationships of ciliates isolated from positive crustacean 

samples and the Georgia shrimp Black Gill ciliate from partial 18S rRNA gene sequences 

(~900bp). Phylogenetic relationships were inferred using the Maximum likelihood 

method based on the Tamura-Nei model (1993). Bootstrap values (percentage of 1000 

replicates) are shown. GenBank accession numbers are shown in parenthesis. The 18S 

rRNA gene from the Oligohymenophorea ciliate Tetrahymena thermophilia (GeneBank 

accession no. M10932.1) was used to root the tree. Phylogenetic analysis was facilitated 

using the MEGA6 package (Tamura et al., 2013). 
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Figure 2.5 Inferred phylogenetic relationships of ciliates isolated from positive crustacean 

samples and the Georgia shrimp Black Gill ciliate from full 18S rRNA gene sequences 

(~1650bp). Phylogenetic relationships were inferred using the Maximum likelihood 

method based on the Tamura-Nei model (1993). Bootstrap values (percentage of 1000 

replicates) are shown. GenBank accession numbers are shown in parenthesis. The 18S 

rRNA gene from the Oligohymenophorea ciliate Tetrahymena thermophilia (GeneBank 

accession no. M10932.1) was used to root the tree. Phylogenetic analysis was facilitated 

using the MEGA6 package (Tamura et al. 2013). 
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3.2 Abstract 

The Georgia shrimp fishery, which includes white shrimp Litopenaeus setiferus, 

has experienced a significant decline in landings since 2000, reaching a record low 

harvest in 2013 of 1.3 million pounds. The causes of the decline are uncertain but 

coincided with the emergence of a new ciliate infection that causes gill tissue 

melanization, called Black Gill (BG). A ciliate of an unknown species has been identified 

as the causal agent of shrimp Black Gill (sBG). In this study, laboratory experiments 

were conducted to explore the relationship between sBG and mortality. The effect of sBG 

on growth and molting frequency were also investigated. Water temperature was also 

investigated as a potential environmental driver of sBG. Shrimp were isolated in aquaria 

to prevent exposure to outside sources of mortality (predators, lack of food, low oxygen 

tolerance) for approximately 4 months from August to December 2015. Mortality, gill 

condition, shrimp length, molting frequency, and water temperature were recorded. 

Aquaria experiments indicated that a mortality event occurred in August and September 

when >80% of shrimp symptomatic for sBG perished. Mortality was positively correlated 

with water temperature. The correlation between mortality and water temperature was 

most significant (P = 0.007) when a 13-day lag period was incorporated. Daily growth 

rate during the mortality event was significantly higher than post-mortality (P = 0.002). 

Molting frequency was not significantly different from previous studies.  Prior to the 

mortality event the average number of ciliates (21.1 ± 20.6) was higher than the number 

of nodules (3.6 ± 3.8). During the mortality event, the average number of nodules (32.1 ± 

25.2) was higher than the number of ciliates (0.93 ± 1.2).  These findings support the 

hypothesis that shrimp Black Gill causes mortality in L. setiferus and demonstrate that the 
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shrimp melanin immune response likely causes damage to the gill tissue that is 

responsible for the increased mortality observed. These results also suggest that Black 

Gill has been a major factor contributing to the decline of the shrimp fishery.  
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3.3 Introduction 

The Southeast Atlantic penaeid shrimp fishery, which includes white shrimp 

Litopenaeus setiferus has been experiencing a significant decline (Gambill et al., 2015). 

Since 2000, Georgia shrimp landings have declined from an annual harvest of 3.5 million 

pounds to a record low of 1.3 million pounds in 2013 (-63%) (Figure 1.1). The decline of 

the fishery coincided with the emergence of a new ciliate infection that causes gill tissue 

melanization, called shrimp Black Gill (sBG). While the cause of the fishery decline is 

unknown, the reduction in landings, coupled with the timing of the appearance of Black 

Gill, suggest that Black Gill has significantly contributed to the decline of the fishery 

(Gambill et al., 2015). It has been hypothesized that sBG causes mortality in shrimp 

through an unknown mechanism. However, the effect of Black Gill on shrimp has yet to 

be determined.  Identifying a direct relationship between Black Gill and shrimp mortality 

has been difficult because many independent factors are potentially contributing to the 

decline, including sBG, fishing costs, labor, infrastructure, and market pricing.  

There are many possible causes of sBG. A variety of pathogens, including 

bacteria, fungi, protists, and viruses, as well as nutrient deficiencies (Couch, 1978; 

Magarelli et al., 1978) stimulate the immune system through the biochemical process of 

melanogenesis and are capable of causing Black Gill. During melanogenesis, melanin is 

generated in the hemolymph and encapsulates the foreign microbe (Cerenius et al., 2008). 

The hard capsule of melanin formed around the microbe generates cytotoxic intermediate 

substances that begin to break down the microorganism (Charoensapsri et al., 2014). 

When the shrimp molts, the melanized nodules are removed with the previous 

exoskeleton and the shrimp gills should be free of infection. Typically, the melanin 
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defense mechanism produced by the shrimp is sufficient to control the pathogen with 

minimal damage to the shrimp gills occurring. However, damage from cytotoxic 

intermediate substances that are generated during the melanization response have been 

reported to be toxic and can lead to host tissue damage if melanogenesis occurs for 

extended periods (Charoensapsri et al., 2014).  

The effect of Black Gill on shrimp health is unknown, and may affect 

physiological and behavioral mechanisms. Heavy infestations of ciliates in cultured 

shrimp alter growth, respiration, locomotion, and cause death (Overstreet, 1973; Lightner 

and Redman, 1998). High infection levels affect respiration by reducing low oxygen 

content tolerance, which decreases food intake, leading to a reduction in growth (Lopez-

Tellez et al., 2009). During the fall fishery in Georgia, when over 60% of the annual 

landings are caught and sBG prevalence is highest (CRD GADNR, 2013), shrimpers have 

reported catching large numbers of shrimp that are lethargic and have thin shells, which 

may be indicative of a higher than normal frequency of molting. Their observations 

provide evidence of a possible negative relationship between BG and shrimp health. 

However, long term fishery independent data collected by the Georgia Department of 

Natural Resources Coastal Resources Division Ecological Monitoring Trawl Survey does 

not report statistically significant relationships between shrimp populations or shrimp 

health and Black Gill.  

An increase in molting frequency may provide one mechanism for the observed 

decline in overall shrimp landings through secondary mortality. Penaeid shrimp are 

diecdysic (molt frequently) and small shrimp may molt several times per week (Chan et 

al., 1988). As shrimp mature and growth slows, the time between molts increases (Chan 
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et al., 1988). Molting is stimulated by ecdysteriods (Chan et al., 1988) and is divided into 

4 stages: (1) metecdysis, the stage following ecdysis; (2) anecdysis, the stage when tissue 

growth and food reserves accumulates; (3) proecdysis, the stage when morphological and 

physiological changes before molting occurs; and (4) ecdysis, the molting of the old 

cuticle (Drach, 1939).  During the metecdysis stage, directly following ecdysis, shrimp 

are inactive and do not feed (Chan et al., 1988).  The exoskeleton is soft and parchment 

like (Chan et al., 1988), which directly correlates to the observations made by shrimpers 

in Georgia. An increase in molting frequency would provide additional time a shrimp is 

susceptible to predation, therefore leading to an increase in secondary mortality and a 

possible reduction in the population.  

The complex coastal environment may also play a significant role in the decline 

of the fishery. Certain environmental conditions are more suitable for disease than others, 

including elevated water temperatures (Chakraborti and Bandyapadhyay, 2011). Higher 

water temperatures may be contributing to sBG and a higher incidence of BG being 

reported. Black Gill has a seasonal distribution where it is typically first observed in July, 

peaks in September and October, and then declines (Figure 1.3). Multiple studies have 

reported seasonal variation of ciliates in shrimp in tropical and subtropical climates 

(Lopez-Tellez et al., 2009; Jayasree et al., 2001; Chakraborti and Bandyapadhyay, 2011). 

Ciliate transmission has been documented to be highest during the summer due to an 

increase in the amount of solar energy, which increases the metabolism and molting of 

the host (Jayasree et al., 2001).  Black Gill prevalence within each month can vary from 

year to year and has not been correlated to one environmental variable, including 

temperature, salinity, or rainfall.  The seasonal variation of sBG prevalence corresponds 
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to the increasing water temperatures of the Mid-Atlantic region, when waters are warmest 

during July, August, and September, leading to the hypothesis that temperature is a major 

environmental driver of sBG. Salinity may also play a role in the seasonal distribution of 

sBG and fluctuations in prevalence, though a correlation has not been identified.  

This is the first study that explores shrimp Black Gill and associated mortality. 

The purpose of this study was to investigate if shrimp Black Gill causes direct mortality 

in a natural population of shrimp from Georgia when sBG prevalence is highest. An 

experimental approach using aquaria that isolated the shrimp from other sources of 

mortality, including predators, starvation, or low dissolved oxygen levels was performed.  

Daily mortality, molting frequency, Black Gill prevalence, and growth rate were 

evaluated to determine potential relationships to the fishery decline. Water temperature 

was also monitored to identify any correlation to mortality and sBG prevalence.   

 

3.4 Materials and Methods 

3.4.1 Shrimp Collection  

Live white shrimp Litopenaeus setiferus were collected on 4 days from July-November 

2015. Sample collections were ~30 days apart. Shrimp were caught using a 7.6 m otter 

trawl net towed behind the University of Georgia Marine Extension Service RV Sea 

Dawg for 15 min. All shrimp were caught in the Wilmington River, GA (~31° 58.1759 

N, 81° 00.5333 W).  
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3.4.2 Mortality Study   

To estimate mortality, molting frequency, and growth of the natural population of white 

shrimp Litopenaeus setiferus in the Wilmington River and associated estuarine system 

(Verity and Borkman, 2010) when shrimp Black Gill prevalence is generally observed, 

live shrimp were collected four times over the course of the study. Each collection 

occurred ~30 days apart. The study design was such that the experimental shrimp 

followed over the study would be representative of the wild population at the same time 

period. The experiment was broken into 4 time periods with 4 cohorts of shrimp as a 

means to evaluate a continuous time course (130 days) when Black Gill prevalence is 

typically highest. A negative control (shrimp without the sBG ciliate) for the experiment 

was not available, as it was unknown if asymptomatic shrimp were infected with the sBG 

ciliate. The duration of each time period was ~30 days. Shrimp length was measured 

from the tip of the rostrum to the end of the tail at the start of the experiment and when a 

shrimp died to determine overall growth rate. Shrimp from the first time period (7/30-

8/27/2015) were not measured for initial length and were not included in growth rate 

analyses. For each time period, 16 white shrimp L. setiferus were placed in 8 aquaria (28 

L each), 2 shrimp per tank with a partition so individual shrimp could be followed 

(Figure 3.1). The system was designed to maintain conditions as close to the natural 

environment as possible. This included a continuous flow of natural seawater from the 

Skidaway River (Verity and Borkman, 2010) and water temperatures that were not 

manipulated. Shrimp length, gill condition (Black Gill or clean), and species were 

recorded at the start of each cohort. Water temperature was monitored using three Onset 

HOBO Pendant® temperature data loggers and readings were recorded every 15 min. 
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Potential outside sources of mortality (predators, low oxygen tolerance, lack of food) 

were removed from the experimental design. Each tank was erected for an individual 

shrimp with no exposure to predators, full O2
 saturation was maintained using air stones 

to prevent anoxic conditions, and shrimp were fed 0.5-1.0 g of squid daily to prevent 

starvation. Shrimp were visually observed daily for mortality, gill condition, and molting. 

When mortality occurred, shrimp length and gill condition were recorded. Upon death, 

replicate gill samples were taken and preserved in 70% non-denatured molecular grade 

ethanol and 10% zinc formalin for molecular and histological analysis, respectively. 

After ~30 days, the remaining cohort was sacrificed, length and gill condition recorded, 

and gill samples collected for molecular and histological analysis. The aquaria were 

cleaned to remove sediment and potential sources of Black Gill infection and the next 

experimental time point with a new cohort of shrimp was started. 

 

3.4.3 Molecular Assay for Ciliate Detection.  

Presence or absence of sBG ciliate DNA was determined by a polymerase chain reaction 

(PCR) assay (Frischer et al., in prep). The primer set of Hyalo-18SF-754 (5’-GCA CAG 

TTG GGG GCA TTA GT-3’) and Hyalo-18SR-952 (5’-GAC CAA GTT ATA AAA 

TGG CCA-3’) specific for sBG ciliate DNA were used for the diagnostic assay, which 

recognizes a 198 bp fragment of the 18S rRNA gene. Amplification was performed using 

the Qiagen’s Taq PCR Master Mix Kit (Cat#201445) with a 25 µL per sample reaction 

volume ((23 µL of template (9.9 µL molecular grade water; 12.5 µL Master Mix; 0.3 µL 

primer 1; 0.3 µL primer 2 per sample) and 2 µL of DNA template)). Samples were 
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amplified using the Applied Biosystems Gene Amp PCR System 9700 thermocycler. The 

reaction conditions were as follows:  

1) initial denaturation step at 94° C for 3 minutes  

2) 30 cycles  

denaturing at 94° C for 30 seconds 

  annealing at 56° C for 30 seconds 

  extension at 72° C for 30 seconds  

3)  final elongation step of 5 minutes at 72° C 

To visualize the amplified PCR product, gel electrophoresis was run using a 2% agarose 

gel for 1 to 1.5 hours at 70V using the Invitrogen 100bp DNA ladder (Cat#15628019) as 

standard. A visual band on the agarose gel indicated the presence of the sBG ciliate in the 

sample gill tissue. 

 

3.4.4 Histological Analysis for Ciliate Detection  

Histology was performed by Dr. Anna Walker at Mercer University School of Medicine. 

Briefly, gill samples preserved in 10% zinc formalin were stained with H & E 

(hematoxylin and eosin) and magnified 10 x high power field (hpf) under a light 

microscope. The number of ciliates and nodules were counted per mm of gill tissue for 

each sample. The sBG ciliate was tentatively identified based on its size and round shape. 

Other ciliates, when present, were noted, but not included in sBG ciliate counts. 
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3.4.5 Historical Water Temperature from Skidaway River, GA  

Water temperatures were recorded from the Skidaway River Dock at Skidaway Institute 

of Oceanography, GA  (31.9883° N, 81.0218° W) weekly from 1990-2010. Monthly 

average temperatures were calculated.  

 

3.4.6 Statistical Analysis  

Weekly mortality (7 days) was calculated for each week based on the overall number of 

shrimp that were alive (N) and the number that died during that week. If at the end of one 

of the 4 time periods (before a new cohort of shrimp and experiment started) the final 

week was not exactly 7 days, additional days were added and included in weekly 

mortality calculations. When a shrimp died during the experiment, sample size (N) was 

reduced and included in weekly mortality calculations. The following weekly mortality 

calculation would begin with the sample size from the previous week. Occasionally 

shrimp would disappear from aquaria. In those instances the shrimp was removed from 

the sample size and not included in the analysis.  

The relationship between daily water temperature and Black Gill prevalence during the 

mortality event was determined by calculating correlation coefficients (r) with a lag range 

of 1-20 days. Relationships between variables were determined by calculating correlation 

coefficients (r) and the statistical significance of the relationship was determined by 

employing the t-test. The level of significance was set at P= 0.05 (5% level of 

significance). 
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3.5 Results 

3.5.1 Mortality 

The mortality experiment was divided into 4 time periods of ~ 30 days representative of 

the 4 cohorts of white shrimp that were collected over the course of the study (Table 3.1). 

The first period lasted from 7/30/2015 to 8/27/2015 (N=10) (Table 3.1). Weekly 

mortality rates ranged from 0-44% with a cumulative mortality of 69% for the time 

period (Figure 3.2). The weekly percentage of Black Gill prevalence ranged from 0-41% 

with 40% exhibiting sBG symptoms when mortality occurred (Table 3.1). Seventy 

percent were positive for the sBG ciliate when analyzed by the PCR diagnostic assay 

(Table 3.1). The second time period occurred from 8/28/2015 to 9/30/2015 (N= 16) 

(Table 3.1). Weekly mortality rates ranged from 0-44% and a high cumulative mortality 

of 81% was observed (Figure 3.2). This period was identified as a mortality event in the 

study and spanned the 1st and 2nd week of the experiment. Weekly Black Gill prevalence 

was higher than the previous time period and ranged from 40-97% (Table 3.1); 87.5% of 

shrimp were visually identified to be symptomatic for sBG when mortality occurred 

(Table 3.1). However, only 12.5% of the samples were positive for sBG ciliate by the 

molecular diagnostic assay. The third period lasted from 10/01/2015 to 10/29/2015 

(N=10) (Table 3.1). Weekly mortality rates were observed to be significantly lower than 

the previous cohort with 0-9% of shrimp dying and a cumulative mortality of 18% 

observed (Figure 3.2). Black Gill prevalence was lower than the previous time period and 

ranged from 15-69% per week with 30% symptomatic for sBG when visually identified 

at mortality (Table 3.1). Ten percent of the samples were positive for the sBG ciliate by 

the PCR molecular assay (Table 3.1). The fourth period lasted from 10/30/2015 to 
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12/07/2015 (N=12) (Table 3.1). Mortality rates per week ranged from 0-8% and a 

cumulative mortality of 15% observed (Figure 3.2). Weekly Black Gill prevalence was 0-

42% (Table 3.1) and zero shrimp were symptomatic for sBG when mortality occurred 

(Table 3.1). Twenty-five percent of the samples were positive for the sBG ciliate by the 

molecular diagnostic assay (Table 3.1). The relationship between weekly shrimp 

mortality and weekly sBG prevalence was positively correlated with a correlation 

coefficient (r) of 0.584 and a P = 0.009, indicating a strong relationship between 

prevalence and mortality (Figure 3.2). Correlation coefficients (r) of water temperature 

and sBG prevalence during the mortality event ranged from -0.45-0.53 when a lag of 1-

20 days was included (Figure 3.3). A 13 day delay between water temperatures and sBG 

prevalence was most significantly correlated to (r = 0.53) and is shown in Figure 3.4.  

 

3.5.2 Histology 

The number of ciliates present in gill tissue ranged from 0-58 per sq mm and the number 

of nodules ranged from 0-72 per sq mm throughout the study (Table 3.1). Prior to the 

mortality event, ciliates per sq mm of gill tissue ranged from 0-58 (Table 3.1) with an 

average of 21.1 ± 20.6 and nodules per sq mm of gill tissue ranged from 0-12 (Table 3.1) 

with an average of 3.6 ± 3.8 (Figure 3.5). During the mortality event, the range of the 

number of ciliates decreased to 0-4 (Table 3.1) with an average of 0.93 ± 1.2 (Figure 3.5) 

and  the number of nodules increased (1-72) (Table 3.1) with an average of 32.1 ± 25.2 

(Figure 3.5). Following the mortality event, the number of ciliates (0-3) and nodules (0-

44) both declined (Table 3.1), with average count of 0.18 ± 0.67 and 5.9 ± 12.5 (Figure 

3.5), respectively.  
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3.5.3 Growth 

Average daily growth rates were observed to be -0.53 - 3.75 mm/d (Figure 3.6), with an 

average growth rate of 0.46 mm/d. A significant difference between average daily growth 

rates of shrimp during the mortality event and post-mortality was identified (P = 0.002) 

with shrimp growing faster during the mortality event than post-mortality (Figure 3.6).  

 

3.5.4 Molting Frequency 

Shrimp molting was observed daily and weekly molting calculated. Weekly shrimp 

molting frequency ranged from 0-82% (Figure 3.7). There was no significant relationship 

between weekly molting and weekly sBG prevalence (P >0.05) (Figure 3.7) or average 

water temperature and weekly mortality (P >0.05) (data not shown).  

 

3.5.5 Water Temperature 

Over the course of the 4 month study, weekly average water temperature in the aquaria 

ranged from 17.0-30.6°C (Figure 3.8). Weekly shrimp mortality was positively correlated 

with average water temperature of the aquaria with a correlation coefficient (r) of 0.6 and 

P = 0.010 (Figure 3.8). During the mortality event, when sBG prevalence and mortality 

were highest, daily water temperature and daily Black Gill prevalence were  negatively 

correlated with an r = -0.451 and P = 0.005 (Figure 3.9). Historical average monthly 

water temperatures from a 5 year period pre-Black Gill and a 5 year period when Black 

Gill was observed were compared. There was no significant difference between the 5 

year averages observed (Figure 3.10).   
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3.6 Discussion  

The present study revealed that a mortality event occurred in a group of white 

shrimp Litopenaeus setiferus representative of the wild population over a 4 week period 

when over 80% of shrimp perished. During the mortality event, shrimp Black Gill 

prevalence also increased to almost 100%, indicating that Black Gill is responsible for the 

decline in shrimp numbers.  As the study progressed and water temperatures declined, 

sBG prevalence decreased, along with any associated mortality. Based on these 

observations and along with statistical analysis, these results provide the first evidence of 

a direct correlation between Black Gill prevalence and mortality and indicate that Black 

Gill causes direct mortality in shrimp. While the mechanism(s) is unknown, the shrimp 

immune system is hypothesized to play an important role in the observed mortality. 

One potential mechanism of how Black Gill affects the shrimp host and induces 

mortality is through impairment of the shrimp respiratory system by the immune system 

response. Shrimp gills have well-established functions in gas exchange and ion regulation 

and are an important component of the immune system (Scholnick et al., 2006). They are 

a fragile organ where the body’s waste products are collected and eliminated (Johnson, 

1995).  The shrimp immune system is triggered when a foreign microbe penetrates the 

body, such as the sBG ciliate, and is rapidly removed from the hemolymph through 

encapsulation at the gills initiated by the melanin response cascade (Cerenius et al., 

2008). A study by Scholnick et al. (2006), reported that exposure to bacteria prior to 

molting limited hemolymph flow across the gills and resulted in the depression of oxygen 

uptake. Low levels of environmental oxygen have also been shown to impair the rate at 

which bacteria are cleared from the hemolymph (Holman et al., 2004). Based on these 
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studies and our results, it can be assumed that during the mortality event, when water 

temperatures were elevated, environmental oxygen levels low, and all shrimp were 

symptomatic for BG, that a relationship exists between mortality and the immune system. 

If a large percentage of gill tissue is damaged from the immune response, oxygen uptake 

would be negatively impacted and could impair respiratory function, contributing to 

mortality. 

The number of ciliates and nodules present in the gill tissue of shrimp also 

provides evidence that the shrimp immune system response is responsible for the 

mortality event was observed. Prior to the high incidence of mortality, shrimp were 

observed to have higher numbers of ciliates compared to nodules. During the mortality 

event, the trend reversed and shrimp had higher numbers of nodules and lower numbers 

of ciliates. These results suggest that before the mortality event occurred, the immune 

system of the shrimp was being stimulated by large infestations of the sBG ciliate as 

indicated by the high numbers of ciliates observed in the gill tissue.  As the study 

progressed and the mortality event occurred, the immune system became highly active 

and encapsulated the ciliates, producing large numbers of nodules to effectively fight off 

the infection. However, an over active immune system response could have caused 

damage to the gills and impacted respiration and normal gill function, which may have 

contributed to the mortality event that was observed.  The results of the molecular 

diagnostic assay and the observations made during the mortality event also provide 

evidence supporting this theory. During the mortality event, over 88% of the shrimp 

exhibited sBG symptoms when they died. However, the inverse was observed when 

samples were analyzed for the presence of sBG ciliate DNA and 88% of the shrimp were 
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identified as negative for the sBG ciliate. It is possible that the over active melanin 

immune response led to production of toxic intermediates compounds, indicated by 

darkening of the gills, but also degraded the ciliate and any DNA to a condition incapable 

of being analyzed by PCR methodology. This explains why the majority of the shrimp 

were symptomatic for Black Gill and presented with high numbers of nodules but were 

negative for sBG ciliate DNA.  The data also suggests that water temperature plays a 

significant role between sBG prevalence and mortality, driven by the shrimp immune 

response. 

A significant relationship between water temperature and Black Gill prevalence 

was confirmed during study, though initial analyses identified a negative correlation. 

During the mortality event, daily water temperature and daily Black Gill prevalence was 

found to be negatively correlated, indicated by Black Gill prevalence increasing when 

water temperatures decreased. A negative correlation was unexpected based on the 

seasonality of Black Gill, occurring when annual water temperatures are historically 

highest, and based on previous observations of the disease.  These results suggested that a 

possible lag phase may be occurring.  Analysis of a lag period from 1-20 days identified a 

13 day lag period as most strongly correlated to when water temperatures were highest to 

when BG prevalence increased. The confirmation of a lag period explains why BG 

prevalence does not always occur when water temperatures are reported to be highest. A 

lag period provides support that the shrimp melanin immune response requires 

approximately 13 days to fully activate when high numbers are ciliates are present in the 

gill tissue and shrimp are under stressful conditions when water temperatures are highest 

for mortality to be induced. The exact temperature threshold for this to occur was not 
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identified during this study and should be investigated in the future.  Identification of a 

temperature threshold could be tested in future years to be able to predict when mortality 

events will occur, to provide coastal managers with a tool that will prevent the fishery 

from further decline.  

The identification of a 13 day lag period may also help explain the seasonal aspect 

of Black Gill. Historical data shows an absence of observable sBG from January until 

July. Water temperatures generally peak in August and September and then begin to 

decline. During this period of decline sBG prevalence is observed to be highest. The 

experimental results of this study suggest that there is a lag period from when water 

temperatures are highest to when the detrimental effects of sBG are observed. One could 

speculate that during the spring months when water temperatures rise to ~16° C, the sBG 

ciliate is first reintroduced into the system. The sBG ciliate steadily infects the shrimp 

population until water temperatures reach ~28° C, at which point shrimp become 

symptomatic and Black Gill becomes visible in the population. Before water 

temperatures peak, the shrimp immune system functions normally and is capable of 

removing the sBG ciliate through molting. As the water temperatures increase above 28° 

C and eventually peak, corresponding to when low oxygen levels are observed (Webb 

and Kneib, 2002), the shrimp immune system response then becomes overactive due to 

the number of ciliates present in the gill tissue and damage to the gill tissue occurs, 

impacting normal respiration functions and leading to mortality. The results of this study 

support this hypothesis and indicate water temperature is a major driver of sBG 

prevalence and associated mortality. Currently, studies evaluating temperature as a driver 

of mortality associated with sBG are being conducted, where water temperatures are 
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being manipulated to be cooler than natural water sources by ~3°C. These studies should 

provide evidence that supports the hypothesis that cooler water temperatures can prevent 

shrimp with Black Gill from dying when isolated from external sources of mortality.    

Though water temperature has long been thought to be a major environmental 

driver behind Black Gill due to the seasonal variation of the disease, no correlation has 

been previously identified. A statistical comparison of historical monthly water 

temperature data from the Skidaway River, GA 5 years before and after sBG was first 

observed revealed no significant differences. Analysis of the fishery-independent 

Department of Natural Resources Ecological Monitoring Trawl Survey data from 1976 to 

present day has also not identified water temperature as being significantly correlated 

with sBG prevalence (CRD GADNR, 2013). These two observational studies suggest that 

water temperature has not been a contributing factor to the overall increase of sBG 

prevalence. The analyses from this study determined that water temperature is 

significantly correlated with sBG prevalence and contributes to mortality. The 

discrepancy between this study and previous analyses may have arisen because previous 

examinations have focused on large observational data sets over large temporal scale, 

which masked the small window of time that sBG is present in the system.  Reducing the 

amount of data and focusing only on months when of sBG was prevalent eliminated 

background noise and a relationship was established.  The relationships of sBG to shrimp 

growth rate and molting frequency were also identified during this study. 

It has been hypothesized that Black Gill affects shrimp by increasing molting 

frequency. This could occur because the shrimp immune system is actively fighting the 

ciliate through the melanin response and would need to remove the infection by molting 
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the exoskeleton more often. There are no published studies indicating that sBG causes an 

increase in shrimp molting and the effects on growth from an increase in molting 

frequency are unknown. Over the duration of the study, an increase in molting frequency 

was not observed and molting did not follow a discernable pattern when statistically 

analyzed. Molting cycles may have been difficult to establish because molting is shrimp 

size and temperature dependent (Robertson et al., 1987), both of which were variable 

throughout the study. However, shrimp growth was impacted during the study. Though 

overall average daily growth rates during the study were similar to those reported in 

previous studies (Webb and Kneib, 2004), shrimp growth rates were significantly 

different when analyzed by event. Shrimp evaluated during the mortality event 

population grew at a significantly faster rate than those from the post-mortality rate (P = 

0.002). The cause behind the observed difference in growth is unknown. However, the 

majority of shrimp during the mortality event died early and growth may have not had 

sufficient time to be affected by sBG. The study data also lacked pre-mortality growth 

rates with which to compare the mortality and post-mortality events, and inclusion of pre-

mortality data may present a different conclusion about BG’s effect on shrimp growth. 

Further studies should be conducted that include pre-mortality growth rates to provide a 

statistical comparison.  

  In conclusion, this study presented the first evidence indicating that Black Gill 

causes direct mortality in the shrimp population of coastal Georgia. While the 

mechanism(s) remains undetermined, this research provides substantial evidence that 

supports the hypothesis that the shrimp melanin immune response causes mortality. 

Temperature was identified to be a significant environmental factor and found to be 
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directly correlated with the mortality event and sBG prevalence. This research supports 

that sBG is a major component of the shrimp fishery decline and provides additional 

information about a complex disease that can be used to make future management 

decisions for the fishery. 
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3.7 Tables 

Table 3.1 Experimental summary of the four cohorts of white shrimp Litopenaeus 

setiferus and dates of experiments. Shown are the dates, % cumulative mortality, % 

weekly mortality, Black Gill prevalence range, the % of shrimp symptomatic for Black 

Gill at death, the % positive for the sBG ciliate using the PCR diagnostic assay, the range 

of the number of ciliates present per sq mm of gill tissue, the range of the number of 

nodules present per sq mm of gill tissue, and the sample size (N) for each cohort. 

Time period 1 2 3 4 

Date 
7/30-

8/27/2015 
8/28-

9/30/2015 
10/01-

10/29/2015 
10/30-

12/07/2015 
Cumulative mortality 69% 81% 18% 15% 
Weekly mortality 0-44% 0-44% 0-9% 0-8% 
Black Gill prevalence 0-41% 40-97% 15-69% 0-42% 
sBG symptomatic at 
mortality (Visual)  40% 87.5% 30% 0% 
Positive sBG by PCR 
method 70% 12.5% 10% 25% 
# Ciliates / sq mm 0-58 0-4 0-3 0 
# Nodules / sq mm 0-12 1-72 1-44 0-3 
Sample size (N) 10 16 10 12 
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3.8 Figures 

 

Figure 3.1 Mortality experimental aquaria set-up. Two shrimp were placed in each tank 

separated by a divider. The system contained flowing natural seawater from the 

Skidaway River, GA. An air stone was placed in each tank. The shrimp were fed a daily 

diet ~1g of squid and were observed daily for mortality, gill condition, and molting.   
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Figure 3.2 Weekly mortality (%) and weekly Black Gill prevalence (%) of white shrimp 

Litopenaeus setiferus are shown from August-December 2015. The experiment is divided 

into 4 time periods indicative of the 4 cohorts of shrimp. Shrimp were observed daily for 

black gills (indicative of sBG) and mortality. Data are shown as the average weekly 

mortality (%) and average weekly Black Gill prevalence (%) and are derived from the 4 

time points. The overall % mortality for the duration of each time point is also shown. A 

significant positive correlation between mortality and Black Gill prevalence was 

observed (P <0.05).  
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Figure 3.3 Correlation coefficients (r) of water temperature and Black Gill prevalence of 

white shrimp Litopenaeus setiferus with a lag period of 1 to 20 days. A strong correlation 

was observed between a 11 to 13 day lag period. A 13-day lag period for water 

temperature showed the strongest correlation (r = 0.528 and P = 0.007).   
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Figure 3.4 Relationship between daily water temperature and daily Black Gill prevalence 

of white shrimp Litopenaeus setiferus during the mortality event when a 13 day lag 

period was included. A significant correlation was observed between Black Gill 

prevalence and water temperature (P = 0.007), indicating that it requires 13 days from 

when water temperatures are highest to induce the shrimp immune response. 
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Figure 3.5 Comparison between the average number of ciliates and nodules present per sq 

mm of gill tissue in shrimp pre-mortality, during the mortality event, and post-mortality. 

During the pre-mortality period average ciliate counts were 21.1 ± 20.6 and nodule 

counts were 3.6 ± 3.8. The mortality event reported average ciliate counts of 0.93 ± 1.2 

and nodule counts of 32.1 ± 25.2. Average ciliate counts post-mortality were 0.18 ± 0.67 

and average nodule counts were 5.86 ± 12.5.   
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Figure 3.6 Average daily white shrimp Litopenaeus setiferus growth rate (mm/day) 

during the observed sBG mortality event and post-mortality. Shrimp length was measured 

at the start of the experiment and after death. Shrimp grew significantly more during the 

mortality event compared to post-mortality (P = 0.002).   
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Figure 3.7 Weekly Black Gill prevalence and molting frequency for white shrimp 

Litopenaeus setiferus over the study duration are shown. No significant correlation 

between sBG prevalence and molting was observed (P <0.05), indicating shrimp with 

Black Gill do not molt more frequently.  
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Figure 3.8 Correlation between average weekly water temperatures in the experimental 

aquaria with weekly white shrimp Litopenaeus setiferus mortality from August-

December 2015. Water temperature was measured every 15 min using Onset HOBO 

Pendant® temperature data loggers and mortality was observed daily. A significant 

positive correlation between mortality and water temperature was observed (P <0.05). 
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Figure 3.9 Daily Black Gill prevalence and daily water temperature of white shrimp 

Litopenaeus setiferus during the Mortality Event. Temperature was measured every 15 

min using Onset HOBO Pendant® temperature data loggers and shrimp were observed 

daily for black gills (indicative of sBG).  A significant negative correlation between 

Black Gill prevalence and water temperature was observed (P <0.05). 
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Figure 3.10 Historical water temperature data from the Skidaway River, GA. The five-

year average monthly temperatures are shown from pre-Black Gill years of 1990-1995 

and post-Black Gill years of 2005-2010. No significant differences between the 5 year 

averages was determined (P <0.05).  
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4.1 Abstract 

What is causing the gills of shrimp in Georgia to turn black during the fall 

months?  When shrimp are exposed to stressors such as contaminants, bacteria, fungi, and 

parasites they may exhibit an immune response that causes the gill tissue to darken due to 

melanin production. This condition is called Black Gill. The number of shrimp with 

Black Gill varies by season. Shrimping inadvertently removes large amounts of 

organisms other than shrimp, which is called bycatch. In the Black-Eyed Gills activity, 

students in middle school examine the seasonal distribution of Black Gill presumably 

caused by a parasite in Georgia through a collection exercise and then assess the quantity 

of bycatch. Students sample items that represent shrimp with varying levels of Black Gill 

infection (assorted beans), as well as items representing bycatch from plastic bowls. 

Students record data for shrimp and bycatch for each season and compare their numbers 

to real data. Through the activity, students will learn about parasites, shrimp, and 

inadvertent impacts of fishing, and brainstorm about potential environmental factors that 

might contribute to the seasonal distribution of Black Gill. This original activity employs 

critical thinking skills and presents an original exercise that is relevant to the growing 

body of research on the importance of parasites to marine ecosystems. It addresses NGSS 

related to how the physical environment affects organisms and interactions among 

species. 
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4.2 Introduction 

Shrimp are organisms that play a vital role in marine ecosystems and they taste 

good, too! Some of the commercial shrimp (the shrimp we eat), belong to the crustacean 

family Penaeidae, which includes white shrimp Litopenaeus setiferus, brown shrimp 

Farfantepenaeus aztecus, and pink shrimp Farfantepenaeus duorarum (Gillet, 2008). 

Fishermen who catch shrimp are called shrimpers and when they catch shrimp it is called 

shrimping. Shrimp can be caught in open water, close to the shore, or from a dock. 

Shrimpers use different types of fishing gear depending on the number of shrimp they 

want to catch, the type of boat they have, and their location. These methods include nets 

that are mechanically retrieved on boats (trawl nets), and those that are deployed and 

retrieved by hand, such as seine nets, and cast nets (Belcher and Jennings, 2004).  

Shrimpers around the world catch many other organisms such as fishes and crabs 

in the nets that are dragged behind the boats. These non-target species are called bycatch. 

Shrimping is reported to have the highest level of bycatch of any fishery, a 5:1 ratio of 

bycatch weight to shrimp weight (Alverson et al., 1994). This means for every 1 metric 

ton of shrimp that is caught, 5 tons of other organisms are inadvertently caught (Alverson 

et al., 1994). Bycatch in the Southeast Atlantic Shrimp Fishery is comprised of finfish 

(spot, croaker, Spanish mackerel, king mackerel, weakfish) and invertebrates (blue crabs 

and cannonball jellyfish) (SAFMC, 1996). Bycatch are thrown back into the waters 

because they are too small, inedible, or cannot be kept due to fishery regulations (Robert 

and Horst, 2015). Many of the unwanted organisms die before being released (Robert and 

Horst, 2015). In the Southeast Atlantic region, it is estimated that about 50% of the 

bycatch associated with shrimping is dead when discarded, producing a large amount of 
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waste (20,000 metric tons or 44 million pounds) that is going back into the ocean 

(Alverson et al., 1994). While 50% may seem high, the world wide average of bycatch 

being dead or debilitated before being thrown back into the ocean is 85% (Alverson et al., 

1994). The dead organisms can affect the marine environment and can have negative 

impacts on populations (Alverson et al., 1994).  

Disease can affect survival rate and reproduction of shrimp, which may cause 

populations to decline. Only predation and changes in the environment affect shrimp 

populations more than disease (Couch, 1978). Black Gill is one disease that affects 

shrimp and it can be caused by bacteria, fungi, parasites, and heavy metals (Couch 1978).  

One parasite that causes Black Gill is a single-celled organism known as a ciliate 

and it infects the gill tissue of the shrimp. This infection initiates an immune response, 

which causes the chemical melanin to be produced (Aguirre-Guzman et al., 2009). Black 

specks appear in the gills because of the melanin, which is why the condition is called 

Black Gill. There are multiple levels of infection. Shrimp with a light infection have gills 

that appear a pale brown color, while shrimp with a heavy infection have very black gills 

(Figure 4.1). Black Gill is identified by looking through the carapace (or shell) of the 

shrimp and determining if the melanin immune response is occurring. This method of 

identification can be misleading. It is possible that shrimp have the parasite that causes 

Black Gill, but no black specks are visible because the infection level is very low. These 

shrimp would incorrectly be characterized as not having Black Gill.  This result is called 

a false negative because the shrimp appear to not have the disease but actually do. 

Secondary tests can reduce the number of false negatives. A more accurate molecular test 

has been developed to prevent misidentification of shrimp with Black Gill by detecting 
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small quantities of the parasite DNA by Dr. Marc Frischer at the Skidaway Institute of 

Oceanography.   

In Georgia, researchers with the Department of Natural Resources Coastal 

Resources Division Fishery Ecological Monitoring Trawl Survey Program collect shrimp 

samples throughout the year. They report that Black Gill has a seasonal pattern with the 

highest abundance of shrimp with Black Gill caught in the fall months, while shrimp in 

the winter do not seem to have Black Gill (Georgia Department of Natural Resources, 

2013). The reason for this seasonal distribution is currently unknown, but may be related 

to environmental factors. According to Patrick Geer, the Chief of Marine Fisheries for 

Georgia Department of Natural Resources, lower salinity and temperature may contribute 

to optimal growing conditions for the parasite that presumably causes Black Gill 

(Georgia Department of Natural Resources, 2013). Researchers are conducting 

experiments and field studies to better understand the disease. 

In the Black-Eyed Gills activity, students in middle school examine the seasonal 

distribution of Black Gill presumably caused by a parasite and/or environmental factors 

through a collection activity. Students sample items that represent shrimp with varying 

levels of Black Gill infection (black beans, pinto beans, black-eyed peas, and lima beans), 

as well as items representing bycatch (goldfish crackers and pasta) from plastic bowls. 

Three utensil types are tested by the students to compare different sampling methods to 

see which is most efficient. Students record the numbers of shrimp caught and the 

amount of bycatch for each season and compare their numbers to real data. They 

calculate what percentage of their catch is bycatch, using methods similar to what is 

outlined in Curran (2003). The students observe that the percentage of shrimp with Black 
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Gill is highest during the fall. Through the activity, students will learn about parasites, 

shrimp, inadvertent impacts of fishing, and brainstorm about potential environmental 

factors that might contribute to the seasonal distribution of Black Gill. The National Next 

Generation Science Standards and Ocean Literacy Principles that are addressed in the 

activity are listed below: 

Next Generation Science Standards Addressed (NGSS Lead States, 2013) 

MS-LS2-2. (Ecosystems: Interactions, Energy, and Dynamics) 

Construct an explanation that predicts patterns of interactions among organisms across 

multiple ecosystems. 

MS-LS2-4. (Ecosystems: Interactions, Energy, and Dynamics) 

Construct an argument supported by empirical evidence that changes to physical or 

biological components of an ecosystem affect populations. 

 
MS-ETS1-3. (Engineering Design) 

Analyze data from tests to determine similarities and differences among several design 

solutions to identify the best characteristics of each that can be combined into a new 

solution to better meet the criteria for success. 

 
MS-ETS1-4. (Engineering Design) 

Develop a model to generate data for iterative testing and modification of a proposed 

object, tool, or process such that an optimal design can be achieved. 

 

Ocean Literacy Principles Addressed (National Marine Educators Association, 2013) 

5: The ocean supports a great diversity of life and ecosystems. 

6: The ocean and humans are inextricably interconnected. 
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4.3 Materials and Methods 

plastic bowls or a similar item (2 per group) 

opaque plastic trash bags (1-2) 

lima beans, black-eyed peas, pinto beans, and black beans* 

goldfish crackers* 

dried small pasta shells* 

3 different types of utensils (1 per group)  

duct and clear tape 

pencils 

Black-Eyed Gills worksheets 

*Teachers are not restricted to these items. Other items can be used such as 

colored marbles or buttons depending on school policy about bringing food into 

the classroom. 

 

4.4 Procedure 

The Black-Eyed Gills activity employs critical thinking skills and presents an 

original exercise that is relevant to the growing body of research on the importance of 

parasites to marine ecosystems. Middle school students (grades 6-8) collect shrimp 

(beans) and bycatch (goldfish crackers and pasta), record the numbers of “shrimp” 

collected, identify the different levels of Black Gill infection, and record the amount of 

“bycatch.” Each group of 2-4 students collects samples from spring, summer, fall, and 

winter using a utensil that represents a different collection method (trawl, cast net, or 

seine net). Four types of beans represent shrimp with the different levels of Black Gill 
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infection. Lima beans represent shrimp without visible Black Gill, black-eyed peas 

represent shrimp with low a Black Gill infection, pinto beans represent shrimp with a 

mid-level Black Gill infection, and black beans represent shrimp with a high Black Gill 

infection (Figure 4.2). Bycatch is represented as small pasta shells (crabs), and goldfish 

crackers (fish), similar to the use of goldfish as flatfish by Schaffner and Curran (2007). 

Each group of 2-4 students requires 2 plastic bowls representing 2 of the 4 seasons. 

To reduce the amount of preparation needed, each group will use 2 bowls representing 2 

seasons to start the activity and then switch with a group that has the other 2 seasons. 

Preparation of the bowls can be completed prior to or the day of the activity. First, label 

the bowls spring, summer, fall or winter. Add the appropriate numbers of beans, goldfish 

crackers, and pasta shells to each container (Figure 4.3) according to Table 4.1. After all 

the shrimp and bycatch are added to each container, cut a piece of trash bag big enough to 

cover the top of the bowl. Using tape, securely fasten the trash bag on top of the container 

so that the contents of the bowl are not visible. Cut a strip of duct tape and place it in the 

center of each bowl. Make a 7-8 cm (3 inches) slit in the middle of the strip of duct and 

cut a cross section in the middle (Figure 4.4). Repeat this until all bowls are covered. 

Label 3 different types of utensils as trawl, seine net, and cast net. An example of the 

utensils is shown in Figure 4.5.  

Before beginning the activity, give a brief description of commercial shrimp and ask 

the students engaging questions (examples are: what kind of animals are shrimp? do they 

eat shrimp? allergies to shrimp?). Show the students what shrimp look like with the 

different levels of Black Gill infection (Figure 4.1) and explain that Black Gill can vary 

from a light infection, appearing light brown on the gills of the shrimp, to a heavy 



112 
 

infection that appears very dark black. Explain that each bean represents a different level 

of infection and show them what bean corresponds to what level of infection (Figure 4.2). 

Describe to the students how science relies heavily on visual observation, which can be 

misleading.  An example of this is when researchers try and identifying shrimp with 

Black Gill in the field. When they check shrimp for Black Gill they may not be able to 

see the melanin immune response in the gills of the shrimp even though the parasite is 

there at a low level. Discuss that Black Gill is seasonal and ask the students to brainstorm 

what might be occurring in the environment to contribute to the disease (some examples 

are temperature, changes in salinity, and smaller shrimp size). Employ critical thinking 

skills by discussing how the large amount of discarded bycatch from shrimping affects 

the environment (examples include removing the predators and competitors of shrimp 

thereby changing food-web dynamics as well as damage to the ocean bottom habitat). See 

SAFMC (1996) for more examples. 

To start the activity, give each group 2 containers representing 2 different seasons, a 

utensil, and pencils. Provide each student with a Black-Eyed Gills worksheet. 

Demonstrate the activity by showing the students how to sample a population from one 

container. Place the utensil through the slits in the duct tape and scoop out the shrimp and 

bycatch. Show the students where they will be writing the numbers of shrimp and 

bycatch that they are collecting in question 1 on the Black-Eyed Gills worksheet. Ask 

each group to collect their first sample by scooping the organisms from one of the 

containers (Figures 4.6 and 4.7). Have the students repeat this 2 more times, for a total of 

3 scoops. Separate out the groups of organisms and count the number for each category. 

Write down the number of shrimp collected that correspond to each infection level, as 
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well as the number of bycatch (crab and fish) on the Black-Eyed Gills worksheet. After 

the season has been sampled, place the shrimp and bycatch collected back in the bowl. 

Repeat for the second season. Now have the students rotate the containers so that they 

sample from the other 2 seasons (4 total seasons). When all students have finished 

collecting their data, conclude the activity. Have each group write the data they collected 

on the chalkboard (or similar) to evaluate the efficiency of the different collection 

methods (trawl, cast net, or seine net), to compare Black Gill seasonal distribution, and 

the numbers of bycatch observed. 

Discussion 

After the activity is finished collect all the bowls with the shrimp and bycatch. Tell 

the students that it is time to analyze the data they just collected. Explain the Black-Eyed 

Gills worksheet, including how to calculate the percentages of shrimp with Black Gill by 

adding the number of shrimp with the different infection levels and dividing by the total 

number of shrimp. Repeat these steps for each infection level and for the amount of 

bycatch. Compare the results for each of the collection methods and have the students 

determine which was most efficient for collecting shrimp. 

Once all the calculations have been completed, use the following discussion questions 

to engage the students about the seasonal distribution of Black Gill, different methods of 

collecting shrimp, and the amount of bycatch that was observed before they begin 

answering the questions on the worksheet: 

Did Black Gill have a seasonal distribution?   
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Did the number of shrimp based on infection level vary from season to season? 

Based on the results of the different collection methods, do you think the 

collections methods used by shrimpers vary as much as what you observed?  

Why would you use fishing one method over another?   

Was there a high or low amount of bycatch?  

 

4.5 Assessment 

 Students are assessed based on correctly recording the number of shrimp and 

bycatch observed during the collection activity and their responses to questions on the 

Black-Eyed Gills Worksheet. The assessment includes questions based on observation, as 

well as open-ended questions that require innovative thinking. The percentage of shrimp 

with Black Gill observed during the activity for each season may not be identical to the 

Georgia Department of Natural Resources data but should correspond to shrimp with 

Black Gill being high in the fall and low during the other seasons (see supplemental 

material). If this correlation is not observed, the teacher can increase the number of black 

beans in the fall container to greater than 10 (Table 4.1) providing more opportunity to 

collect shrimp with Black Gill. Occasionally, students will collect samples from seasons 

where Black Gill should not be observed and find the percentage of shrimp with Black 

Gill collected is 100%, as only one shrimp was collected. If this occurs, have the students 

repeat that season and record the new numbers. The number of bycatch observed should 

also be highest during the summer and fall seasons, as more organisms are present during 

the warmer months. The Black-Eyed Gills Worksheet Teacher Key (see supplemental 
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material) provides the ranges of bycatch and shrimp with Black Gill that students should 

observe during the activity and includes possible answers to the questions posed.   

Students enjoy learning about shrimp and collecting data about how Black Gill 

affects these organisms. Some have a difficult time correlating what they observed during 

the collection activity to the field data and drawing the correct conclusion, especially if 

their data does not follow the exact trend shown in the assessment worksheet. Providing 

the students with a demonstration where all four seasons are sampled improves the 

students understanding of how to determine seasonal distribution. The Black-Eyed Gills 

activity works well with class sizes of 10-30 students with most students achieving the 

desired learning objectives of the exercise.  
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4.6 Tables 

Table 4.1 Number of shrimp (beans) and bycatch (goldfish crackers and pasta shells) to 

add to each container by the teacher. Students should not be present so that they will not 

know what is in each bowl. 

 Lima beans Black-eyed 
peas Pinto beans Black 

beans 

Goldfish 
and pasta 

shells 

Spring 8 2 0 0 50 

Summer 8 4 2 2 75 

Fall 2 4 4 10 100 

Winter 10 0 0 0 50 
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4.7 Figures 

 

Figure 4.1. Shrimp collected by Georgia Department of Natural Resources that have 

different levels of Black Gill infection. Melanization of the gills is visible through the 

carapace. Shrimp length is shown in cm. (A) No visible Black Gill; (B) low level of 

Black Gill infection; (C) mid-level of Black Gill infection; (D) and (E) high level of 

Black Gill infection. Photo: Todd Mathes. 
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Figure 4.2. The different beans to use for the activity and the level of Black Gill infection 

that each type of bean represents. Photo: Ashleigh Price. 
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Figure 4.3 Containers with shrimp (beans) and bycatch added (goldfish crackers and 

pasta shells). Photo: A. Price. 
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Figure 4.4 Container covered and ready for sampling by the students. Photo A. Price. 
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Figure 4.5 Examples of different utensils to use as collection methods. Photo: A. Price. 
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Figure 4.6 Students participating in the activity. Photo: A. Price. 
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Figure 4.7 A student collecting the shrimp and bycatch during the activity. Photo: A. 

Price. 
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4.9 Black-Eyed Gills Worksheet and Teachers Key 
 

Black-Eyed Gills Worksheet 
(100 points) 

 
Name_______________________________________ 
Group members_______________________________ 
Collection method_____________________________ 
                                       (trawl, seine, or cast)   
1. Fill in the data table below with the numbers of shrimp collected with each 

infection level and the number of organisms that were captured as bycatch during each 
season (after 3 samples). Record the collection method, total number of shrimp and 
total number of bycatch in a location specified by the instructor. Calculate the percent 
of shrimp with black gill.  
(25 points) 

 
 Season 

Spring Summer Fall Winter 
# of bycatch 
(goldfish and pasta) 

    

  
Shrimp  

No visible infection  
(lima bean) 

    

Low level 
(black-eyed pea) 

    

Mid-level 
(pinto bean) 

    

High level 
(black bean) 

    

 

Total # of shrimp= 
(None + Low + Mid + High) 

 

 

   

# of shrimp with black gill = 
(Low + Mid + High) 

 

 

   

 
% of shrimp with black gill= 

(# of shrimp with black gill x100) 
÷ 

(Total # of shrimp) 
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2. Fill in the bar graph below using the % of shrimp with black gill for each season using 
data calculated in question 1. (15 points) 

 
 
3. How does your data compare with real data collected from Georgia? Does your 

seasonal data match what the Georgia Department of Natural Resources collected as 
shown below? Describe similarities and differences. (15 points)  
 

 
 
 
 
 
 
4. Which season had the highest level of black gill infection? Why do you think we see 

black gill only in certain months and not others? (15 points) 
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5.  How does your group’s data compare to the rest of the class? If you observed any 

differences, what do you think are the reasons that caused them? (10 points) 
 
 
 
6. Which collection method worked best for collecting shrimp (based on all groups)? 

What characteristics do you think made it most efficient (size, length)?  Did the most 
efficient method also collect the most bycatch? (10 points) 
 
 

 
  

7. What can we do to reduce the number of organisms that are being caught as bycatch 
and are thrown back into the oceans?  What percentage of your total sample was 
bycatch? (10 points) 

         
               # bycatch             x100 
 #bycatch + # of shrimp 
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Black-Eyed Gills Worksheet Teachers Key 
 

Name_______________________________ 
Group members_______________________ 
Collection method (trawl, seine, or cast)      
 
1. Fill in the data table below with the numbers of shrimp collected with each 

infection level and the number of organisms that were captured as bycatch during each 
season (after 3 samples). Record the collection method, total number of shrimp and 
total number of bycatch in a location specified by the instructor. Calculate the percent 
of shrimp with black gill.  
(25 points)  
Answers will vary by group and collection method. 

 
 Season 

Spring Summer Fall Winter 
# of bycatch 
(goldfish and pasta) 

0-50 0-75 0-100 0-50 

  
Shrimp  

No visible infection  
(lima bean) 

0-8 0-8 0-2 0-10 

Low level 
(black-eyed pea) 

0-2 0-4 0-4 0 

Mid-level 
(pinto bean) 

0 0-2 0-4 0 

High level 
(black bean) 

0 0-2 0-10 0 

 
Total # of shrimp= 

(None + Low + Mid + High) 
0-10 0-16 0-20 0-10 

# of shrimp with black gill = 
(Low + Mid + High) 

0-2 0-8 0-18 0 

 
% of shrimp with black gill= 

(# of shrimp with black gill x100) 
÷ 

(Total # of shrimp) 

0-100% 0-100% 0-100% 0% 

  
2. Fill in the bar graph below using the % of shrimp with black gill for each season using 

data calculated in question 1. (15 points)  
Answer should be similar to data shown in question 4 of the worksheet. % of 
shrimp with black gill will vary by group and collection method. 
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3. How does your data compare with real data collected from Georgia? Does your 
seasonal data match what the Georgia Department of Natural Resources collected as 
shown below? Describe similarities and differences. (15 points)  

    Students should compare their data from question 2 to the data shown below. 
 

      
4. Which season had the highest level of black gill infection? Why do you think we see 

black gill only in certain months and not others? (15 points)  
Fall should be the season with the highest abundance. They should list possible 
factors that affect the environmental seasonally, such as temperature and salinity. 

 
5. How does your group’s data compare to the rest of the class? If you observed any 

differences, what do you think are the reasons that caused them? (10 points) 
Students should describe the differences between their data and other groups. If 
there are differences the students should brainstorm why. These could include 
sampling techniques with some being more careful than others and multiple 
people sampling. 

6. Which collection method worked best for collecting shrimp (based on all groups)? 
What characteristics do you think made it most efficient (size, length)?  Did the most 
efficient method also collect the most bycatch? (10 points) 
Students should describe which method worked best for the collections and why. 

7.  What can we do to reduce the number of organisms that are being caught as bycatch 
and are thrown back into the oceans?  What percentage of your total sample was 
bycatch? (10 points)  
         
               # bycatch             x100 
 #bycatch + # of shrimp 
 
Students provide ideas of how to reduce bycatch. They should also calculate the 
percentage of bycatch for their group, which will vary by group and collection 
method. 
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CHAPTER 5: SYNTHESIS, SYNOPSIS, AND RECOMMENDED FUTURE 

RESEARCH 

5.1 Synthesis 

Relationships between microbes and their marine hosts can be complicated and 

difficult to interpret.  Parasites influence the structure of the ecosystem and are capable of 

impacting the community. The ciliate that causes shrimp Black Gill in Georgia exhibits 

this same level of complexity, as evidenced by the results of this study.  The objective of 

this research was to address whether shrimp Black Gill is a contributing cause of the 

declining fishery and to identify potential reservoirs of the shrimp Black Gill ciliate to 

increase understanding of seasonal patterns of Black Gill, which was successfully 

achieved.  

 This study contributed new and significant information to the overall 

understanding of Black Gill by reporting the first evidence that Black Gill causes direct 

mortality, which has likely contributed to the fishery decline.  The study also provided 

evidence that the sBG ciliate is found in multiple species of crustaceans and is not limited 

to penaeid shrimp. While these findings provided answers for a small part of the Black 

Gill puzzle, other questions developed as a result, including: Does a mortality event occur 

every year? Is a specific temperature threshold required to induce mortality? Does 

transmission of the sBG ciliate involve more than one reservoir? Is the sBG ciliate 

pathogenic only in shrimp?  How does transmission occur? Addressing these questions 

will require additional research and the continued collaboration between researchers, 

management, and the stakeholder communities.  
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 Fishery managers are tasked with the difficult responsibility of developing 

management plans that incorporate Black Gill into maintaining a sustainable fishery.  

While management tools of marine epidemics are limited, this study has assisted in 

achieving the long term goal of developing statistical models that are capable of 

predicting Black Gill. Future research should continue to provide a greater understanding 

of Black Gill to ensure that the fishery survives and is be able to provide for present and 

future residents of coastal Georgia.  

 

5.2 Synopsis 

• Twelve identified and 3 unidentified species of crustaceans that were 

asymptomatic for Black Gill were analyzed for presence or absence of sBG ciliate 

DNA (Table 2.2).  Five species were positive for sBG ciliate DNA, including 

lesser blue crabs Callinectes similis, common spider crabs Libinia emarginata, 

mantis shrimp Squilla empusa, seabob shrimp Xiphopenaeus kroyeri, and grass 

shrimp Palaemonetes spp. The sBG ciliate was not detected in the water, 

sediment, or zooplankton samples collected. 

• Prevalence of the sBG ciliate in grass shrimp Palaemonetes spp.was calculated 

and compared with commercial penaeid shrimp sBG prevalence from the Georgia 

Department of Natural Resources Ecological Monitoring Trawl Survey. The two 

groups displayed an inverse relationship with a negative correlation  r = -0.695 

and P = 0.047. 

• Ciliate sequences were recovered from lesser blue crab Callinectes similis, mantis 

shrimp Squilla empusa, and seabob shrimp Xiphopenaeus kroyeri samples. The 
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ciliate isolated from mantis shrimp Squilla empusa, shared a strong nucleotide 

identity (99%) to Hyalophysa chattoni strains HpC-1 (EU503536.1) and HpC-2 

(EU503537.1). The ciliate isolated from lesser blue crab Callinectes similis 

samples shared a nucleotide identity 99-100% to Hyalophysa chattoni strains 

HpC-1 (EU503536.1) and HpC-2 (EU503537.1). Partial sequences isolated from 

the lesser blue crab shared a 99% nucleotide identity to Hyalophysa lwoffi 

(EU503538.1), Hyalophysa chattoni strains HpC-1 (EU503536.1), Hyalophysa 

chattoni HpC-2 (EU503537.1), and Gymnodinioides sp. JCC-2008 (EU503535.1). 

Ciliates isolated from seabob shrimp samples shared a 99% nucleotide identity to 

Hyalophysa chattoni strains HpC-1 (EU503536.1) and HpC-2 (EU503537.1). 

• A mortality event was identified that occurred over a 4 week period when 81% of 

shrimp died. Weekly Black Gill prevalence ranged from 40-97% during the 

mortality event and 87.5% of shrimp were symptomatic for sBG. Prior to the 

mortality event, cumulative mortality was 69% and weekly BG prevalence ranged 

from 0-41%.  Post event mortality ranged from 15-18% and weekly BG 

prevalence ranged from 15-69% and 0-42%.   

• The number of ciliates present in gill tissue ranged from 0-58 per sq mm and the 

number of nodules ranged from 0-72 per sq mm throughout the study. Prior to the 

mortality event, the average number of ciliates per sq mm of gill tissue was 

21.1±20.6 and the average nodules per sq mm of gill tissue was 3.6±3.8. During 

the mortality event, the number of ciliates declined with an average of 0.93 ± 1.2 

and the number of nodules increased to an average of 32.1 ± 25.2. Following the 
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mortality event, the number of ciliates and nodules declined with average counts 

of 0.18 ± 0.67 and 5.9 ± 12.5, respectively.  

• Average daily growth rates were observed to be -0.53 to 3.75 mm/d with an 

average growth rate of 0.46 mm/d. Average daily growth rates of shrimp during 

the mortality event and post-mortality were compared and revealed a significant 

different between the two events (P = 0.002). 

•  Weekly shrimp molting frequency ranged from 0-82% and there was no 

significant relationship between weekly molting and weekly sBG prevalence (P 

>0.05) or average water temperature and weekly mortality (P >0.05). 

• Weekly average water temperatures in the aquaria ranged from 17.0-30.6°C. 

Weekly shrimp mortality was positively correlated with average water 

temperature of the aquaria with a correlation coefficient (r) of 0.6 and P = 0.010. 

During the mortality event, when sBG prevalence and mortality were highest, 

daily water temperature and daily Black Gill prevalence were negatively 

correlated with an r = -0.451 and P = 0.005. Historical average monthly water 

temperatures from a 5 year period pre-Black Gill and a 5 year period when Black 

Gill was observed were compared and there was no significant difference between 

the 5 year averages observed.  

 

5.3 Recommended Future Research 

• Conduct a larger survey of crustaceans from coastal Georgia throughout the year, 

not only when sBG is prevalent and perform phylogenetic analyses to identify all 

potential reservoirs of the sBG ciliate. Experimental studies that investigate 
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transmission between the shrimp host and reservoir should be explored. Once a 

route of transmission is identified, fishery managers should develop methods to 

mitigate and forecast sBG, which should be included in future management plans 

for the shrimp fishery. 

• A larger survey of crustaceans spanning the entire year may also yield species that 

exhibit Black Gill, which would provide evidence that the sBG ciliate is 

pathogenic in species other than penaeid shrimp.  

• Ciliates isolated from grass shrimp Palaemontes spp. should be sequenced to 

determine if speciation is identical to the sBG, or if the ciliate is Hyalophysa 

chattoni. A survey spanning the entire year that collects grass shrimp followed by 

subsequent phylogenetic analysis should be conducted to determine if the ciliate 

found in grass shrimp is more prevalent during the winter months.   

• Perform sequencing and phylogenetic analysis of the sBG ciliate using the highly 

conserved mitochondrial cytochrome c oxidase subunit I (CO1) gene which 

should aid in identification of the sBG ciliate species.  

• Repeat the mortality experiment using the same conditions to determine if the 

mortality event that was observed was due to a temperature threshold being 

reached. Similar results could aid in predicting mass mortality of shrimp during 

the fall fishery. 

• Perform mortality experiments that manipulate water temperature to determine if 

cooler water temperatures prevent a threshold from being reached which stops 

mortality from occurring. Experiments that evaluate mortality by increasing water 

temperatures should also be conducted. 
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