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The trematode Bolbophorus damnificus (Digenea: Bolbophoridae) has deleterious effects
on production efficiency of farm-raised catfish. The effects of B. damnificus on channel and
hybrid catfish, as well as the prevalence and longevity of the trematode stages impacting
production, are not well understood. This study aimed to understand the prevalence of infected
snails, determine the longevity and site specificity of B. damnificus cercaria in catfish, and
compare mortality and physiological response between channel and hybrid catfish during
infection. The infectivity and survival of B. damnificus cercariae declined significantly at 12h
intervals from 12-36h, and subsequent trials were standardized using cercariae <12h old.
Metacercariae persisted in both fish types for 13 months and were found commonly in the
posterior midsection. Hybrid catfish exhibited lower mortality than channel catfish. Exposed
catfish exhibited anemia corresponding to parasite encapsulation, however no difference was
found between fish types in physiological response during infection and subsequent recovery.
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CHAPTER I
INTRODUCTION
1.1

Commercial catfish industry
Catfish aquaculture, which includes both channel (Ictalurus punctatus) and hybrid (I.

punctatus x Ictalurus furcatus) catfish, is the most economically valuable aquaculture market in
the US, with over $360 million in sales for catfish producers in 2018 (USDA 2017, 2018). The
foundations of the industry were established prior to 1940 in state and federal hatcheries, with
the objective of propagating channel catfish for stocking lakes, rivers, reservoirs, and ponds
around the US (Tucker and Hargreaves 2004). Channel catfish ponds were first constructed in
Mississippi in 1957, but commercial production did not take hold until 1965 (Wellborn 1990;
Tucker and Hargreaves 2004). The largest number of commercial catfish farms are located in the
southeast US, primarily Mississippi, Alabama, and Arkansas (USDA 2018).
As product demand has increased, catfish production has intensified resulting in
increased yield and production efficiency. The first major advancement leading to intensification
of production was the use of electrical fixed aerators, which facilitated increased production from
1,250 to 4 – 6,000lbs/acre (Tucker and Hargreaves 2004). Over the past ten years, adoption of
two complimentary technologies, the use of hybrid catfish and culture in intensive production
systems, have increased production to >15,000lbs/acre (Kumar and Engle 2017). Hybrid catfish
have demonstrated faster growth related to increased feed consumption, better feed conversion,
increased survival under intensive culture conditions, higher tolerance to low oxygen, greater
1

uniformity and improved dress-out percentage compared to channel catfish (Bosworth et al.
2004; Green and Rawles 2010; Dunham and Masser 2012). Additionally, several of the major
pathogens for channel catfish, including Edwardsiella ictaluri, Flavobacterium columnare, and
Henneguya ictaluri, have a much lower impact on hybrid and blue catfish, compared to channel
catfish cohorts (Wolters et al. 1996; Bosworth et al. 2003; Beecham et al. 2010; Griffin et al.
2010a; Arias et al. 2012; Rosser et al. 2019). Due to these favorable production characteristics,
there has been an increasing trend in utilizing hybrid catfish for food fish production in the US
(Bosworth et al. 2004; Green and Rawles 2010).
As the catfish industry has expanded, the availability of intensively pond-reared catfish
has provided ideal foraging grounds for many piscivorous birds, such as the American white
pelican (Pelecanus erythrorhynchos), great blue heron (Ardea herodias), great egret (Ardea
alba) and double-crested cormorant (Phalacrocorax auritus). The use of catfish production
ponds as loafing and feeding sites by piscivorous birds has tremendous economic impact on
producers through massive depredation, as well as the introduction and continuation of
trematode life cycles (Levy et al. 2002; Glahn and King 2004; Yost et al. 2009; Griffin et al.
2012; Rosser et al. 2016b, 2016c, 2016a; Alberson et al. 2017; Rosser et al. 2017, 2018).
Trematode species such as Clinostomum marginatum, Drepanocephalus auritus are commonly
found in catfish production systems, although only Bolbophorus damnificus has been linked to
significant production losses (Terhune et al. 2002; Overstreet and Curran 2004; Wise et al. 2008,
2013; Yost 2008; Alberson et al. 2017).
1.2

Bolbophorus damnificus
First reported in Louisiana (Hawke and Camus 1998), B. damnificus is attributed to

significant economic losses in channel catfish in the southeastern US. (Overstreet et al. 2002;
2

Terhune et al. 2003; Wise et al. 2008; 2013). Two species of Bolbophorus are found in catfish
ponds, B. damnificus and Bolbophorus sp. type II. Bolbophorus sp. type II is not known to infect
channel catfish (Levy et al. 2002), but experimental and natural infections have been reported in
other species including guppies Poecilia reticulata, green swordtails Xiphophorus helleri, hybrid
striped bass Morone saxatilis × M. chrysops, inland silversides Menidia beryllina, steelhead
Oncorhynchus mykiss, brown trout Salmo trutta, common bream Abramis brama, and the
fathead minnow Pimephales promelas (Hoffman 1999; Levy et al. 2002; Mitchell et al. 2006;
Rosser et al. 2016b). Some of these fish species cohabitate within catfish ponds or are
commercially important sport or baitfish produced around the southeastern US, although
Bolbophorus sp. type II is not considered a pathogen of concern for these species.
The complex life cycle of B. damnificus begins with gravid adults in the intestinal tract of
the American white pelican (Lee 1991; Terhune et al. 2003). Eggs are deposited in the pond
environment through fecal transmission, where they hatch to release miracidia. Eggs can take as
few as 12 days to hatch at 30C in a temperature-controlled environment, and as many as 53 days
to hatch in simulated pond environments (13.5 – 37.5C) (Yost 2008). Delayed hatching with
decreased temperature has also been described by Fox et al. (1965), with eggs hatching in 12-13
days at 32.2C and 60 days at 20.0C. Miracidia infect the first intermediate host, the ramshorn
snail Planorbella trivolvis or ghost ramshorn snail Biomphalaria havanesis, and cercariae are
released within 21-23 days post infection (Yost et al. 2009). Temperature appears to affect the
development and activation of B. damnificus within the egg, but not the development of
miricidium within the snail host. At peak shedding days, snails may release as many as 2,547
cercariae (Yost 2008). Cercariae infect and encyst within the musculature with anecdotal
observations suggesting a predilection to the region around the caudal peduncle and caudal fin.
3

Within 5-8 days the metacercariae can be grossly observed under the dermis presenting as a nondescriptive, small papular nodule which can persist for up to 2.5 years in channel catfish
(Mitchell et al. 2011; Griffin et al. 2018). The life cycle is completed when the pelican feeds on
an infected fish. Once ingested, the metacercariae develops into adult flukes, which can occur as
little as 23 days after being ingested (Yost 2008).
Economic losses associated with B. damnificus have risen in recent years. Research has
shown that even ponds with low B. damnificus prevalence (1-33% infection) within the resident
fish population can lead to significant reductions in economic returns (Wise et al. 2008; Wise et
al. 2013). The Mississippi State University College of Veterinary Medicine Aquatic Research
and Diagnostic Laboratory (ARDL) in Stoneville, MS has reported B. damnificus associated with
0.7 – 8.5% of diagnostic submissions per year between 1999 – 2019 (ARDL Annual Case
Summary). In 2019, there were over 62 cases (8.5%) of B. damnificus identified at ARDL, with
42.6% of these cases in hybrid catfish (ARDL 2019 Case Summary). However, the actual
prevalence in Mississippi may be much higher as farmers often fail to submit cases particularly
for agents such as trematode, where pond-side assessments can accurately diagnose the problem
(Yost 2008).
At present, there is no Federal Department of Agriculture approved treatment for
trematode infections in food fish, therefore, disease control is dependent on breaking parasite life
cycle. As pelicans are protected under federal law, breaking the life cycle via pelican harassment
is difficult and only somewhat effective (Terhune et al. 2002). At present, the most effective
strategy for managing B. damnificus is by eliminating the snail intermediate host from the ponds
(Venable et al. 2000; Mitchell and Hobbs 2003; Wise et al. 2006, 2008; Mitchell et al. 2007).
Chemical applications are the most common practice for snail control; typical methods include
4

the application of hydrated lime or low levels of copper to the pond littoral zones typically
occupied by snails (Mitchell 2002; Mitchell et al. 2007) or uniform applications of copper sulfate
pentahydrate, applied at 3.0 – 5ppt throughout the pond (Wise et al. 2006). Both chemicals can
be effective but have limitations. Hydrated lime and low concentrations of copper are only
effective against snails in the application zone. Comparably, uniform application of copper is
very effective at killing snails throughout the pond. However, copper sulfate at high levels can be
toxic to catfish, especially in high temperatures or when the fish are in poor health (Mischke et
al. 2005). The application of copper sulfate increases in efficacy with an increasing temperature,
and has been shown to have a 10-fold increase in toxicity to invertebrates with a temperature
increase from 15 – 30ºC (Mischke et al. 2005). Additionally, algicidal properties of copper can
cause algal bloom die-offs resulting in dissolved oxygen depletions and catastrophic losses and is
generally not applied unless severe infestations are observed (Wise et al. 2006).
1.3

Impact on channel and hybrid catfish
All size classes of catfish are susceptible to B. damnificus infection, however the impact

tends to be greater on fingerlings than food fish, with fingerling mortality observed to exceed
90% in severe outbreaks (Mitchell 2000; Terhune et al. 2002). Depending on outbreak severity,
infestations in catfish ponds have been linked to acute losses, increased susceptibility to bacterial
infections and reduced feed consumption, all leading to decreased production and poor feed
conversion (Wise et al. 2004). A farm-level economic survey of B. damnificus infestations
demonstrated, relative to non-infested channel catfish populations, light, moderate and severe
infestations reduced production by 14%, 35% and 40%, respectively (Wise et al. 2008). In
support of this observation, channel catfish fingerlings with what was deemed a “light” parasitic
load consumed >1/3 the amount of feed compared to non-exposed controls during peak
5

production (Wise et al 2013). The study by Wise et al. (2013) also demonstrated an early onset
of mixed F. columnare and E. ictaluri infection in parasitized fish. However, no difference in
growth, feed efficiency and survival were observed once fish were transferred to aquaria,
suggesting the deleterious effects of B. damnificus are associated with the initial stages of
parasitism and early metacercariae development, and the fully developed metacercaria has little
impact on fish performance.
Similar parasitic loading rates have been observed between channel and hybrid catfish
experimentally exposed to B. damnificus (Griffin et al 2014). However, anecdotal field
observations indicate possible differences in physiological responses to infection. Recently,
producers have reported instances where hybrid catfish were rejected from processing as a result
of heavy trematode infestations (Lester Khoo, personal communication), although no observed
decrease in feed consumption or disease related losses were reported by the producer.
Comparably, this level of infection would likely have resulted in noticeable reductions in feeding
activity and increased morbidity in channel catfish. In controlled experiments, both fish types
appear equally susceptible to cercarial penetration and metacercarial development (Griffin et al.
2014). However, based on anecdotal reports, hybrid catfish appear less susceptible to the
deleterious effects of B. damnificus infestation.
Metacercarial cysts are observed in the musculature of the catfish as small, raised nodules
(Wise et al. 2004). Catfish with heavy infections may exhibit distended abdomens, ascites, renal
tubular necrosis, and liver damage (Levy et al. 2002; Hawke and Khoo 2004; Yost et al. 2009;
Griffin et al. 2018). Neovascularization is also associated with the encapsulation process and
corresponds with the delayed-onset mortality observed in exposed catfish (Griffin et al. 2017).
This helminth-associated vascularization is not unique to Bolbophorus, and can be seen in most
6

groups of helminths, such as cestoda, nematoda, and other trematoda species (Dennis et al.
2011). Vascularization is thought to facilitate the transportation of nutrients and waste to and
from the parasite (Humes and Akers 1952; Pearlman et al. 1998; Marino et al. 2003; Dezfuli et
al. 2005; Di Maio and Mladineo 2008; Griffin et al. 2018). Neovascularization is facilitated by
the upregulation of pro-angiogenic factors, which trigger host neovascularization machinery
(Dennis et al. 2011). This process is thought to decrease the oxygen carrying capacity of the
blood, which reduces the efficiency of the cardiovascular system overall (Barber and Wright
2017). An anemic response from the host is a typical symptom of infection, and consequences of
infection can include diminished renal function, osmoregulation, and hematocrit (Bunnajirakul et
al. 2000; Barber and Wright 2017). Once the parasitic capsules are developed and
neovascularization subsides, mortality rates decrease (Dennis et al. 2011; Griffin et al. 2017).
Griffin et al. (2017) found the window of mortality and morbidity aligns with the time frame of
pathophysiological changes in the catfish due to encapsulation of the metacercariae.
Comparatively, mortality that occurs prior to the encapsulation process is likely attributed to
osmotic and homeostatic disruption due to parasite penetration, although the proximate cause of
death has not been identified (Griffin et al. 2017).
1.4

Objectives
Bolbophorus damnificus has been a parasite of concern for channel catfish producers for

over 30 years, but its impact on hybrid catfish is not well understood. As hybrid catfish continue
to be utilized more frequently in aquaculture, it is important to understand the impact of common
pathogens, such as B. damnificus, to develop cost effective disease management strategies.
Trematode infestations are expected to increase in prevalence and severity as a result of industry
contraction, which will likely increase piscivorous bird pressure on existing operations (Burr and
7

Dorr 2016; Griffin et al. 2018). Management strategies are focused on monitoring and
surveillance of fish and snail populations in catfish production ponds, followed by chemical
treatment to reduce snail populations once an infestation has been detected. It is critical to
understand infectivity dynamics of all life stages of B. damnificus to develop proactive, rather
than reactive, approaches to mitigating trematode infestations in catfish aquaculture. Most
importantly, prevalence of B. damnificus within snail populations, cercarial shedding dynamics
within infected snail populations, and site specificity of infection to aid in fish surveillance needs
to be determined. The overall prevalence of B. damnificus infection in ramshorn snail
populations in catfish ponds with known active infections has not yet been studied.
Understanding the total prevalence in relationship to actively shedding snails may provide
important information to producers when considering chemical treatments. In addition, to aid in
research, cercarial longevity and infectivity potential needs to be evaluated to standardize
exposure protocols for comparative studies. The functional longevity and total survival time of
B. damnificus cercariae could have implications both on pond management and experimental
reproducibility, as cercariae of other species have demonstrated a reduced functional longevity
compared to their total survival.
The purpose of this study was to understand the prevalence and longevity of the cercarial
and metacercarial stages of B. damnificus impacting catfish aquaculture, as well as to discern any
differences in mortality and physiological response to B. damnificus infection in both channel
and hybrid catfish. Therefore, the following objectives were addressed:
1. Identify the prevalence of infected ramshorn snails in catfish production ponds during
outbreaks of B. damnificus.
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2. Optimize and standardize an experimental infection model and pond side assessment
for B. damnificus in catfish to further our understanding of fish-borne trematodiasis
3. Assess the difference in mortality between channel and hybrid catfish infected with B.
damnificus cercariae
4. Understand the difference in physiological response of channel and hybrid catfish to
B. damnificus cercariae infection.

9

CHAPTER II
ASSESSMENT OF BOLBOPHORUS DAMNIFICUS PREVALENCE AND CERCARIAE
SHEDDING IN PLANORBELLA TRIVOLVIS POPULATIONS IN CATFISH
AQUACULTURE PONDS
2.1

Introduction
Pond-raised ictalurid catfish culture is the largest sector of the U. S. aquaculture industry,

accounting for > $360 million in sales during 2018 (USDA 2018). The aggregation of farms and
density of catfish within aquaculture ponds have provided ideal foraging grounds for many
piscivorous birds, such as the American white pelican Pelecanus erythrorhynchos, great blue
heron Ardea herodias, great egret Ardea alba and double-crested cormorant Phalacrocorax
auritus, creating an excellent environment for the successful transmission of trematode parasites
(Levy et al. 2002; Glahn and King 2004; Yost et al. 2009; Griffin et al. 2012; Kudlai et al. 2015;
Rosser et al. 2016b; Alberson et al. 2017; Rosser et al. 2017). Since the late 1990’s, Bolbophorus
spp. trematodes have been reported to cause mortality in both pond-raised channel Ictalurus
punctatus and hybrid I. puntatus × I. furcatus catfish in the southeastern US (Overstreet et al.
2002; Terhune et al. 2003; Wise et al. 2009; Rosser et al. 2016; Griffin et al. 2017).
The complex life cycle of B. damnificus begins with gravid adults in the intestinal tract of
the American white pelican (Lee 1991; Terhune et al. 2003). Eggs from the adult flukes are
deposited into ponds through defecation, where they hatch to release free-living miracidia.
Miracidia infect and mature into sporocysts within the first intermediate host, the ramshorn snail
10

Planorbella trivolvis or the ghost ramshorn snail Biomphalaria havanesis, which inevitably
release cercariae (Fox 1965; Yost 2008). These cercariae infect ictalurid catfish and encyst
within the musculature, giving rise to the metacercariae larval stage, most commonly observed in
the area of the caudal peduncle and caudal fin (Levy et al. 2002). The parasite life cycle is
completed when pelicans eat infected fish and metacercariae develop into adult flukes
(Overstreet et al. 2002; Yost 2008).
Bolbophorus damnificus outbreaks in catfish ponds have been linked to direct losses due
to acute mortality associated with parasitic infection, as well as secondary losses due to
increased susceptibility to bacterial infections (Labrie et al. 2004; Wise et al. 2013). Further
indirect production losses attributed to reduced feeding activity (Wise et al. 2004). Mortality and
poor growth, combined with costs of mitigating the disease have significant farm-level economic
impacts (Wise et al. 2008). Considerable economic losses have been correlated with moderate to
severe infestations resulting in net losses. Even ponds with low to moderate B. damnificus
prevelance (1-33%) within the resident fish population yielded a 61% reduction in economic
returns (Wise et al. 2008; Wise et al. 2013). Once fish are removed from infested environments,
parasitized catfish have comparable growth, feed efficiency, and survival compared to uninfected
fish, demonstrating recovery is possible when the source of infection is removed (Wise et al.
2013).
Currently, there is no Federal Department of Agriculture (FDA) approved treatment for
trematode infections in food fish, therefore disease control is dependent on breaking the parasitic
lifecycle. As pelicans are protected under federal law, mitigating trematode on catfish farms via
non-lethal pelican harassment is difficult and only marginally effective (Terhune et al. 2003). At
present, the most effective strategy for managing B. damnificus is eliminating snails from the
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ponds (Venable et al. 2000; Mitchell and Hobbs 2003; Terhune et al. 2003; Wise et al. 2006,
2008; Mitchell et al. 2007). Chemical applications are the most common practice for snail
control; typical methods include the application of hydrated lime or low levels of copper to the
pond littoral zones typically occupied by snails (Mitchell 2002; Mitchell et al. 2007) or uniform
applications of copper sulfate pentahydrate, applied at 3.0 – 5ppt throughout the pond (Wise et
al. 2006). Both chemicals can be effective but have limitations. Hydrated lime and low
concentrations of copper are only effective against snails in the application zone. Comparably,
uniform application of copper is very effective at killing snails throughout the pond. However,
copper sulfate at high levels can be toxic to catfish, especially in high temperatures or when the
fish are in poor health (Mischke et al. 2005). The application of copper sulfate increases in
efficacy with an increasing temperature, and has been shown to have a 10-fold increase in
toxicity to invertebrates with a temperature increase from 15 – 30ºC (Mischke et al. 2005).
Additionally, algicidal properties of copper can cause algal bloom die-offs resulting in dissolved
oxygen depletions and catastrophic losses and is generally not applied unless severe infestations
are observed (Wise et al. 2006).
The major downfall of reactionary management is infections are not typically identified
until mid-summer, when reduced feeding activity becomes apparent and significant production
losses have already occurred. Furthermore, mid-summer identification of problem ponds limits
treatment options, as algal blooms have typically developed by that point. In addition to its
molluscicidal properties, copper sulfate is also an effective algicide and can reduce algal blooms
resulting in significant oxygen depletion, leading to hypoxic fish kills if not properly managed.
The disease is particularly insidious in that subclinical infections often go unnoticed in the
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absence of sudden or dramatic changes in feeding activity, yet significant reductions in
production efficiency, fish growth and survival are revealed at harvest (Wise et al. 2013).
Prophylactic treatment of ponds with a history of pelican activity and visible snail
populations may reduce the likelihood of infection in catfish. However studies investigating the
prevalence of infected snails in catfish ponds with B. damnificus activity are limited and
infectivity rates of snails among pond populations remains poorly understood. This information
is essential in developing proactive eradication techniques to mitigate losses due to B. damnificus
in catfish aquaculture. This study aimed to identify the prevalence of infected ramshorn snails in
catfish production ponds during confirmed outbreaks of B. damnificus.
2.2
2.2.1

Methods
Bolbophorus damnificus active shedding prevalence
Marsh ramshorn snails were collected (n = 8,159) from 14 different commercial catfish

ponds on 6 separate farms with suspected B. damnificus activity during May – August 2018.
Farms A and B are located in the “Blackland Prairie” region of east Mississippi, and farms C, D,
E, and F are located in the “Delta” region of west Mississippi, as defined by Hargreaves and
Tucker (2004). On the day of collection all snails were placed into individual scintillation vials
with 10 mL of water collected from a reservoir pond void of fish and without a history of pelican
activity. Water was passed through a 20-m mesh following previously established protocols
(Griffin et al. 2010b, 2014, 2018). Each snail was fed spinach purchased from a local grocery
and rinsed with distilled water. An ~2 cm2 piece of washed spinach leaf was placed in each vial
and snails were incubated in the dark overnight at 28C. At 24 and 48 hours each vial was
observed for the presence of cercariae. Aliquots (1 ml) of water were collected from snails
shedding cercariae morphologically consistent with Bolbophorus spp. (Flowers et al. 2005).
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Bolbophorus spp. genomic DNA (gDNA) was extracted from aliquots using the DNeasy Blood
& Tissue Kit (Qiagen, Valencia, CA, US) or PuroSPIN Genomic DNA Purification Kit (Luna
Nanotech, Toronto, ON, Canada). The molecular identity of the parasite was confirmed as either
B. damnificus or Bolbophorus sp. type II (Levy et al. 2002) using a duplex real-time PCR
established by (Griffin et al. 2010b). Each 20-L reaction contained 14 L TaqMan
Environmental Master Mix 2.0 (ThermoFisher Scientific, Waltham, MA), 10 pmols of each
primer, 1 pmols of each probe, 3 µL of template DNA and nuclease-free water to volume (Table
2.1). Thermal cycling conditions consisted of an initial hot start of 95C for 15 minutes, followed
by 31 cycles of denaturation at 95C for 15 seconds and anneal/extension at 60C for 1 min, with
data collection following the anneal/extension step. Each plate consisted of concurrently run
positive controls consisting of purified PCR product from B. damnificus and Bolbophorus sp.
type II cercariae as described previously (Griffin et al. 2010b). All samples were run in duplicate
on a BioRad CFX96 qPCR system and accompanying CFX Manager™ software. Reactions were
deemed positive for the presence of B. damnificus or B. sp. type II when the fluorescent intensity
of both replicates exceeded 10% of relative fluorescence for each respective positive control.
2.2.2

Molecular analysis
From each pond, ~100 snails not actively shedding any trematode cercariae were

preserved in 70% ethanol. To determine the presence of B. damnificus or Bolbophorus sp. type II
within snail tissues, DNA was extracted from each whole snail. Snails were removed from
ethanol fixative and soaked for 1 hour in DNase free water. Each individual snail was placed into
a 5-mL microcentrifuge tube (Eppendorf, Hauppauge, New York). The shell was crushed with a
sterile 1000 µL pipette tip until the tissue was fragmented. Genomic DNA was isolated using the
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Puregene DNA isolation Kit (Qiagen, Valencia, CA, US) protocol for 50-100 mg animal tissue
scaled up 3-fold. Isolated DNA was further purified by bringing the volume of suspended DNA
to 195 µL in EB Buffer and adding 5 µL of RNAse A, 50 µL of 5M NaCl solution and 75 µL of
100% molecular grade ETOH (Fisher BioReagents, Fisher Scientific, Waltham, MA). Samples
were rotated on a rotary shaker (Dynal Biotech, Lake Success, NY, US) for 10 min at room
temperature, then concentrated at 20,000 x g for 10 min. The supernatant was decanted into a
fresh tube containing 425 µL of chilled 100% molecular grade ETOH and mixed by several
inversions prior to incubation at -80°C for 1 hr or -20°C overnight. The DNA pellet was then
concentrated by centrifugation at 20,000 x g for 3 min, the supernatant removed and gDNA
pellet washed with 300 µL of 70% molecular grade ETOH. The pellet was again concentrated by
centrifugation at 20,000 x g for 3 min, the ETOH removed and pellet allowed to air dry for 15
min at ambient temperatures prior to resuspension in 50 µL of EB Buffer (Qiagen, Hilden,
Germany). Purity and quantity of resuspended DNA was assesed spectrophotometrically
(Nanodrop™ 2000c) and sample preps that didn’t meet purity criteria (260/280 ratio: 1.8-2.0;
260/230: 1.9-2.3) were re-purified. Genomic DNA preps passing quality assessment were diluted
to 100 ng/L and the presence of B. damnificus or B. sp. type II determined by the
aforementioned duplex real-time PCR using 100 ng of gDNA/reaction.
2.2.3

Statistical Analysis
The prevalence of snails actively shedding B. damnificus or Bolbophorus sp. type II

cercariae for each pond is expressed as a proportion of the total number of snails collected for
each pond. Prevalence of snails molecularly confirmed to have DNA from either B. damnificus
or B. sp. type II, but not actively shedding cercariae, are reported as the proportion of the 100
non-active shedding snails tested. A Pearson’s Chi-Square test for count data was used to assess
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differences in the prevalence of snails actively shedding and hosting each species within ponds
where both categories (active shedding; non-active shedding, PCR +) were present (α= 0.05). All
statistical analyses were done using RStudio version 3.5.1 “Feather Spray” (R Core Team 2018).
2.3

Results
Of the 8,159 snails collected, 1.2% were actively shedding B. damnificus. Of the 1,403

snails used for DNA analysis (snails not actively shedding any parasites), 5.1% were deemed
positive for B. damnificus. From the 14 individual ponds, there was a range of 0% - 13.6% of
snails actively shedding B. damnificus at the time of collection, and 0% - 24.5% of snails that
were not actively shedding any parasites but were PCR positive for B. damnificus. Six ponds had
non-shedding snails that were PCR positive, two of which the proportion of actively shedding
snails was significantly less than the proportion of PCR positive, non-shedding snails (Table
1.2). In the remaining 8 ponds, PCR analysis did not reveal additional positive snails, indicating
prevalence determined by active shedding was an accurate reflection of the true population
prevalence. There were no observations where snails were not actively shedding B. damnificus
cercaria but positive by PCR.
For Bolbophorus sp. type II, of the total snails collected only 0.4% of snails were
observed actively shedding at the time of collection, while 5.6% of snails not actively shedding
cercariae were PCR positive for Bolbophorus sp. type II (Table 1.2). From the 14 individual
ponds, there was a range of 0% - 10% of snails actively shedding Bolbophorus sp. type II at the
time of collection, and 0% - 44% of snails that were not actively shedding but were PCR positive
for Bolbophorus sp. type II. Nine ponds had non-shedding snails that were PCR positive,
indicating an underestimation of the overall prevalence of infected snails. Three ponds had
significantly higher prevalence of non-shedding, PCR positive snails than snails actively
16

shedding at the time of collection (Table 2.2). In contrast to B. damnificus, there were two ponds
where no snails were actively shedding Bolbophorus sp. type II cercaria, yet PCR positive snails
were present (Table 1.2).
Co-infections with both B. damnificus and B. sp. type II were uncommon and occurred in
0.002% of the total snails collected, although of infected snails, co-infection ranged up to 12%
within the snail population (Table 2.2). Co-infections were found in 3 ponds, with a total of 4
actively shedding co-infected snails and 16 non-shedding co-infected snails.
2.4

Discussion
The most common method for observing trematode infection prevalence in snails is based

on the observation of cercarial shedding over a 48-h period (Born-Torrijos et al. 2014). However,
this method has been criticized because of the potential for false negative observations. BornTorrijos et al. (2014) found detection of larval trematode infections in snails was underestimated
using cercarial shedding alone as covert and immature infections are not accounted for and
suggested molecular detection as a more accurate method of understanding prevalence within a
snail population. The current study supports their work, where cercarial shedding alone
underestimated B. damnificus prevalence in snails collected from 6 of the 14 ponds.
A similar trend was also observed with Bolbophorus sp. type II, where observation of
active shedding underestimated total prevalence in 9 of 14 ponds. Bolbophorus sp. type II
metacercaria have not been observed in farm raised catfish (Levy et al. 2002) and the impact of
Bolbophorus sp. type II is unknown. At present, it is unclear if the cercaria are unable to
penetrate the catfish host or if parasitic stages infect but are cleared prior to metacercarial
development, which may cause production deficits in catfish aquaculture. Regardless,
Bolbophorus sp. type II is common in American White Pelicans at high intensities (Graham
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Rosser, unpublished data) and has been shown to experimentally infect other species including
guppies Poecilia reticulata, green swordtails Xiphophorus helleri, and hybrid striped bass
Morone saxatilis × M. chrysops (Levy et al. 2002). Bolbophorus spp. have been observed to
naturally infect species such as inland silversides Menidia beryllina, steelhead Oncorhynchus
mykiss, brown trout Salmo trutta, common bream Abramis brama, yellow perch Perca
flavescens and the fathead minnow Pimephales promelas (Hoffman 1999; Mitchell et al. 2006;
Rosser et al. 2016b). While Bolbophorus sp. type II is not known to infect farm-raised catfish,
many of these fish species are incidentals that cohabitate within catfish ponds or are
commercially important sport or baitfish species produced in the southeastern US. Given the
prevalence of Bolbophorus sp. type II in American white pelicans, studies investigating the
potential impacts of Bolbophorus sp. type II on other commercial aquaculture species in the
southeastern US are probably warranted.
With exception to one pond (Pond 3; Farm B), all ponds contained snails actively
shedding B. damnificus ceracaria, with the percent of shedding snails ranging from 0.23% to
13.6%. There was a perceived tendency towards increased prevalence of active shedding snails
later in the production season. Given that snail populations were not evaluated from each pond
over the course of the summer, this observation could be arbitrarily related to natural variations
in pond infestation levels and respective pelican loafing activity on different operations.
However, snail infectivity dynamics appear largely dictated by the migratory patterns of the
American White Pelican and the developmental timeline of the parasite within the snail host.
Interestingly, pelicans are rarely present in Mississippi aquaculture during peak periods of B.
damnificus outbreaks. Pelicans are typically present in Mississippi from December through May,
with the greatest numbers and largest flock sizes in February (King and Michot 2002). In early
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winter, pelicans are typically found foraging near the Mississippi River (King 1997). As river
levels rise and the breeding migration approaches, they can be found in increasing intensity
foraging and/or loafing on catfish operations beginning in February and continuing through
spring (King and Michot 2002). It is hypothesized that during this time, trematode eggs are
deposited and lay dormant in the pond until water temperatures increase in the spring, coinciding
with the emergence of the snail host. These increased spring-time temperatures induce the
release of miracidia from deposited eggs, which in turn infect snails.
In controlled experiments, snails released B. damnificus cercaria approximately 30 days
after exposure to newly hatched miracidia (Yost 2008), which coincides with the relationship
observed in this study. Temperature dependent release of miracidia has also been observed with
Drepanocephalus auritus eggs collected from cormorants carrying gravid flukes (Alberson et al.
2017). In a controlled study, miracidia hatched from fresh D. spathans eggs 15-21 days after
isolation at ambient temperatures (~23-25 °C). Similarly, eggs recovered from feces incubated
for 2 weeks at ~4 °C prior to sedimentation, hatched on a similar timeline, just 15 days after
removal from cold storage. The work of Alberson (2017) loosely supports the hypothesis that
trematode eggs deposited in the pond environment during winter lay dormant on the pond
bottoms until increased temperatures in the spring induce miracidia release as a somewhat
synchronized “bloom”.
As the pelicans migrate north for the summer breeding season, the source of parasite eggs
to catfish ponds is removed. As such, the prevalence of Bolbophorus spp. infections within snail
populations is set during the winter months by the quantity of eggs deposited in the winter and
springtime snail densities, when temperatures are conducive to miracidia release. As pond
temperatures increase throughout the spring and summer, snails begin shedding cercaria leading
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to pond infestations (active trematode shedding) resulting in infected fish. While speculative, it is
thought the temperature induced, simultaneous release of miracidia in early spring (April-May),
coupled with an ~ 30 d maturation period within the snail leads to low shedding rates early in the
growing season (May-June), followed by a higher proportion of snails actively shedding later in
the production cycle (July-September). Anecdotal reports from industry and diagnostic case
submission to the Aquatic Research and Diagnostic Laboratory, Stoneville, MS, support this
hypothesis, as B. damnificus diagnoses in farm-raised catfish are most prevalent mid-to late
summer (Lester Khoo, personal communication).
However, snails collected from Pond A did not fit this scenario, with a high percentage of
actively shedding snails in June compared to other ponds. The operation in question is remotely
located without on-site farm headquarters and is adjacent to a 1,400-ha wildlife management area
known to be a roosting/loafing site for pelicans. Heavy bird pressure on this operation lends
some explanation to the abnormally high shedding rates observed within this pond.
Similarly, an abnormally high percent of snails collected from Pond F3 in August were
shown to be PCR positive (B. damnificus - 22%; Bolbophorus sp. type II – 44%), with a
comparably low percent (B. damnificus - 3%; Bolbophorus sp. type II – 10%) of snails actively
shedding cercaria. This could represent cyclical shedding of cercaria as described by Yost (2008)
but could also be related to variations in migratory patterns associated with certain populations of
juvenile pelicans. While most pelicans follow a seasonal migratory pattern and are only present
in the Mississippi from December-April, small populations of juvenile pelicans have been
observed through the summer in the Delta regions of Arkansas and Mississippi in areas of
extensive catfish aquaculture (Glahn and King 2004). The year-round season presence of
pelicans would serve as a vector for the transmission of trematode eggs to catfish production
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systems and offers an additional explanation for low cercarial shedding, yet high prevalence
among non-shedding snails determined by PCR analysis in late summer, indicating the putative
presence of early developmental stages within the snail host.
Current management techniques for mitigating the deleterious effects of B. damnificus
are aimed at eliminating the snail host within the pond using molluscicidal chemicals. Methods
include spray coat applications of hydrated lime or copper along the pond margins or a whole
pond application of copper sulfate pentahydrate (CSP) at concentrations ranging from of 2.5 –
5.0 ppm (mg/L), dependent on pond alkalinity (Wise et al. 2006). However, these treatments can
be costly for the producer and potentially stressful for the fish. At elevated doses, CSP has been
found toxic to fish that are already in poor health (Wise et al. 2006) and given the algicidal
properties of CSP, applications during mid-summer can result in deleterious effects on algal
blooms resulting in severe oxygen depletions and hypoxic mortality events.
Frequency of resident and migratory pelican populations loafing/foraging on-farm,
coupled with remote pond locations, proximity to known loafing/roosting sites and level of
human activity and bird harassment are significant risk factors for trematode infestations. These
are important considerations in developing effective trematode management programs, in that
operations with greater infestation risk should commit more resources (treatment cost, labor,
equipment) in developing farm-level proactive management programs to minimizing snail
populations. Such operations would benefit from proactive management, including prophylactic
pond treatments to reduce snail populations in the spring and fall when the risk of adverse copper
effects is reduced (Wise et al. 2006). In contrast, low risk operations may take a more reactive
approach to trematode control by monitoring fish populations for the presence of metacercariae
and implementing pond treatments only in ponds with active infections during the summer
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months. The implementation of proactive vs. reactive management approaches should be based
on unique risk factors associated with individual farms.
This study supports previous work indicating determinations of trematode prevalence in
snails based on the observation of cercarial shedding can drastically underestimate true infection
prevalence within resident snail populations. Based on these results, molecular detection is a
more accurate method. Snail infectivity dynamics and resulting fish infections appear dictated by
the seasonal migration patterns of the American White Pelican and the parasite developmental
timeline within the snail host. In most instances, prevalence of infected snails from ponds with
active B. damnificus infestations were surprisingly low, typically <3%. Considering low
prevalence of infected snails, the goal of an effective disease management program should focus
on minimizing snail populations and may not require complete snail eradication. For
prophylactic snail control, treatments should focus on treatment applications in the fall and
spring to minimize the presence of snails when miracidia are most likely present in the pond
environment. Low prevalence of B. damnificus snails also presents challenges in research related
to the difficulty in collecting sufficient cercaria to conduct disease challenge trials.
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2.5

Tables

Table 2.1

Real-time polymerase chain reaction primer sequences used for identification of Bolbophorus spp. from Griffin et al.
(2010b).

Species/primer
Direction
Position*
Sequence (5’-3’)**
Bolbophorus damnificus
BDF1
Forward
18S bp 630-649
GTCGTTGTTTGGTTCTGGCT
BDR7
Reverse
18S bp 749-732
AACTGGCCAGCAAGCAAG
BDTMP
Probe
18S bp 661-683
FAM-CGCGACCACCTCATCATCGTTCG-BHQ1
Bolbophorus sp. type II
B2F2
Forward
18S bp 633-652
GTTGCTTGGTTCTGATTTCG
B2R2
Reverse
18S bp 750-729
CGACTAACCAGCAAGTAAACCC
B2TMP
Probe
18S bp 678-657
HEX-CCACCTCGCCATCACCTGGAAC-BHQ1
* Primer location based on GenBank accession nos. AF490547 and AF490575
** FAM = 6-carboxyfluorescein; HEX = hexachloro-6-carboxy-fluorescein; BHQ1 = black hole quencher-1.
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Table 2.2

Prevalence of ramshorn snails actively shedding or infected with Bolbophorus damnificus and Bolbophorus sp. type II in
catfish ponds. The population of non-shedding snails comes from the total collected after active shedding is determined.
Ponds B and C are located in east Mississippi, and Ponds A, D – F are located in the west Mississippi Delta region.
Different letters in each column represent significant differences in proportions between actively shedding and nonshedding infected snails within a pond (p≤ 0.05).

Bolbophorus damnificus
Pond Sample
Total
Extracted nonActively
ID
Date
snails (#)
shedding snails (#) shedding %
A
6/18/18
191
100
13.60a
B
6/24/18
504
100
0.20
C
6/24/18
864
103
0.35
D1
6/14/18
200
100
0.00
D2
6/26/18
1,089
101
1.29
D3
6/14/18
458
102
0.22
D4
6/26/18
919
99
0.87
D5
6/26/18
820
100
0.61
E
7/10/18
1,630
100
0.43
F1
8/6/18
110
100
4.00a
F2
8/6/18
110
100
6.00a
F3
8/6/18
110
100
3.00a
F4
8/6/18
110
100
1.82a
F5
8/6/18
351
98
4.84a
*Pond A: 1 active and 0 non-shedding co-infected snails
†
Pond F3: 1 active shedding and 12 non-shedding co-infected snails
‡
Pond F5: 2 active shedding and 4 non-shedding co-infected snails
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Bolbophorus sp. type II

NonActively
Nonshedding % shedding % shedding %
19.00a
1.57 a
3.00a
0.00
0.00
0.00
0.00
0.00
0.97
0.00
0.00
1.00
0.00
0.21a
2.97b
0.00
0.00
0.00
0.00
0.44
0.00
0.00
0.17
0.00
0.00
0.00
0.00
a
a
2.00
3.00
6.00a
a
a
3.00
7.00
2.00a
b
a
22.00
10.0
44.00b
1.00a
0.00
1.00
24.50b
1.14a
18.4b

Coinfection %
2.09*
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
11.82†
0.00
1.71‡

CHAPTER III
LONGEVITY AND INFECTIVITY OF CERCARIAE AND PERSISTANCE AND SITE
SPECIFICITY OF METACERCARIAE OF BOLBOPHORUS DAMNIFICUS
IN CATFISH
3.1 Introduction
Pond-raised catfish is the leading aquaculture industry in the US, accounting for over
$360 million in sales for catfish producers in 2018 (USDA 2018). Traditionally, the industry has
focused on channel catfish (Ictalurus punctatus) culture, however, due to favorable production
characteristics there has been increased interest in channel x blue hybrid I. punctatus  I.
furcatus production. Hybrid catfish have been shown to outperform channel catfish in areas such
as growth, feed consumption, increased feed efficiency related to greater survival, and carcass
yield (Bosworth et al. 2004). Studies have also found hybrid catfish less susceptible to several
major channel catfish pathogens, including Edwardsiella ictaluri, Flavobacterium columnare,
and Henneguya ictaluri (Wolters et al. 1996; Bosworth et al. 2003; Beecham et al. 2010; Griffin
et al. 2010a, 2014; Arias et al. 2012; Rosser et al. 2019). However, the effects of Bolbophorus
damnificus, a detrimental trematode to channel catfish production, has not been well documented
in hybrid catfish.
Since the late 1990’s, B. damnificus has been attributed to mortality and morbidity in
pond-raised catfish in the southeastern US (Venable et al. 2000; Overstreet et al. 2002; Terhune
et al. 2003; Wise et al. 2008, 2013; Rosser et al. 2016b; Griffin et al. 2018). The complex life
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cycle of B. damnificus begins with gravid adults in the intestinal tract of the American White
Pelican Pelecanus erythrorhynchos (Lee 1991; Overstreet et al. 2002). Eggs from the adult
flukes are deposited into ponds through defecation, where they hatch as free-living miracidia.
Miracidia infect and mature into sporocysts within the first intermediate host, the marsh
ramshorn snail (Planorbella trivolvis) or the planorbid snail (Biomphalaria havanesis), which
then release cercariae (Fox 1965; Yost 2008). These cercariae infect the fish host and encyst
within the musculature around the caudal fin and abdomen, giving rise to a developed
metacercariae cyst within 7-14 days post infection (dpi) (Griffin et al. 2018). The parasitic cyst
most commonly presents as a grossly visible raised nodule just under the dermal layer or deep
within the musculature. The parasite life cycle is completed when pelicans eat infected fish and
metacercariae develop into adult flukes (Overstreet et al. 2002; Yost 2008). Bolbophorus
damnificus outbreaks in channel catfish ponds can have significant farm-level economic impacts,
causing poor production efficiency, increased susceptibility to bacterial infections, and increased
mortality, with even low prevelance diminishing profits up to 61% (Labrie et al. 2004; Wise et
al. 2008).
It is known that active B. damnificus infestations can cause direct mortality, reduced
feeding activity and increased susceptibility to bacterial infections. However, growth and
infectivity studies demonstrated no measurable long term effects if infected fish are maintained
in a trematode-free environment (Labrie et al. 2004; Wise et al. 2013). These observations
indicate the deleterious effects of B. damnificus infestatons are associated with initial cercarial
penetration and metacercarial encystment and not the mature, fully developed metacercarial cyst.
This information provides insights into possible management strategies for controlling trematode
by eliminating the snail host or moving fish to trematode-free pond environments. Control
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measures currently focus on monitoring and surveillance protocols to evaluate infected
populations of fish and chemical applications to reduce snail population in catfish production
ponds (Mitchell 2000; Mitchell et al. 2007; Wise et al. 2011). Black carp, Mylopharyngodon
piceus, have also been used as a biological snail control measure but are not a recommended
practice since this species is invasive and has been listed as injurious by the US Fish and
Wildlife Service (USFWS 2007).
Chemical treatments have also been considered for the cercariae stage of B. damnificus as
a means of mitigating further infections. However, little is known regarding the longevity and
infectivity of cercariae from liberation from snails to penetration and encystment within the
catfish host. Management implications aside, this information is crucial to developing
standardized challenge protocols. Generally, survival of cercariae stages from other trematode
species does not exceed 24 – 48 hours at 20C (Pechenik and Fried 1995). Often, the total
survival time is used as an estimation for the duration of cercariae infectivity, however, this
method may overestimate the amount of time cercariae are actually infective and possibly
confound results of experimental infections (Pechenik and Fried 1995). Two trematode species,
Plagiorchis elegans and P. noblei, have reported survival times of ~30 hours, while infectivity
ceased after 16-20 and 12 hours post-emergence, respectively (Blankespoor 1977; Lowenberger
and Rau 1994). Similarly, Theiltges and Rick (2006) reported the survival time for Renicola
roscovita, a marine trematode, exceeded 32 hours, but the cercariae were only infective for 8 to
16 hours post-emergence, depending on water temperature. At present, the total survival time
and functional longevity post-release of B. damnificus cercariae is unknown.
The metacercarial stage of B. damnificus has been well described in terms of its impact
on catfish production and mortality (Wise et al. 2004, 2008, 2013; Griffin et al. 2018). However,
27

because the metacercarial cysts can affect catfish survivability and filet quality, it is important to
document the longevity and site specificity of this stage within the musculature. Mitchell et al.
(2011) found channel catfish are able to host active infections for up to 2.5 years, but the
longevity of metacercariae in hybrid catfish has yet to be determined. It is not uncommon for
metacercariae of some trematode species to have site specificity, where development is limited to
specific tissues and microhabitats within the host (Schleppe and Goater 2004; Holmes 2008;
Matisz et al. 2010; Rosser et al. 2016c). A generalized specificity to the fish musculature has
been described for B. damnificus in previous studies (Levy et al. 2002; Overstreet et al. 2002;
Mitchell et al. 2011), however no studies have identified specific body areas which may harbor
greater numbers of metacercariae. This is important for producers interested in pond-side
assessments to identify ponds with infected fish, an indirect indication of active infestations.
Targeted examinations can increase efficiency of pond-side evaluations and allow resolution of
low-grade infections that may go unnoticed but can result in diminished economic returns.
These studies aimed to optimize and standardize an experimental infection model for B.
damnificus in catfish to further our understanding of the mechanisms of fish-borne trematodiasis.
This was achieved in three parts, with goals: a) to understand the longevity and infectivity of B.
damnificus cercariae over time, b) to assess site specificity of B. damnificus metacercariae within
both channel and hybrid catfish and c) to investigate the longevity of metacercariae within both
channel and hybrid catfish.
3.2 Methods
In June 2018, a total of 3,950 marsh ramshorn snails (Planorbella trivolvis) were
collected from commercial catfish ponds located in the catfish farming region of the Mississippi
Delta with confirmed B. damnificus outbreaks. On the day of collection all snails were placed
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into individual scintillation vials with 10 mL of water collected from a reservoir pond void of
fish and with no known pelican activity. The water, that had been passed through a 20-m mesh
following previously established protocols (Griffin et al. 2010b, 2014, 2018). Each snail was fed
spinach purchased from a local grocery and rinsed with distilled water. An ~2 cm2 piece of
washed spinach leaf was placed in each vial and snails were incubated in the dark overnight at
28C. At 24 and 48 hours each vial was observed for the presence of cercariae. Aliquots (1 ml)
of water were collected from snails shedding cercariae morphologically consistent with
Bolbophorus spp. (Flowers et al. 2005). Bolbophorus spp. genomic DNA (gDNA) was extracted
from aliquots using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, US) or PuroSPIN
Genomic DNA Purification Kit (Luna Nanotech, Toronto, ON, Canada). The molecular identity
of the parasite was confirmed as either B. damnificus or Bolbophorus sp. type II (Levy et al.
2002) using a duplex real-time PCR established by (Griffin et al. 2010b). Each 20-L reaction
contained 14 L TaqMan Environmental Master Mix 2.0 (ThermoFisher Scientific, Waltham,
MA), 10 pmols of each primer, 1 pmols of each probe, 3 µL of template DNA and nuclease-free
water to volume (Table 3.1). Thermal cycling conditions consisted of an initial hot start of 95C
for 15 minutes, followed by 31 cycles of denaturation at 95C for 15 seconds and
anneal/extension at 60C for 1 min, with data collection following the anneal/extension step.
Each plate consisted of concurrently run positive controls consisting of purified PCR product
from B. damnificus and Bolbophorus sp. type II cercariae as described previously (Griffin et al.
2010b). All samples were run in duplicate on a BioRad CFX96 qPCR system and accompanying
CFX Manager™ software. Reactions were deemed positive for the presence of B. damnificus or
B. sp. type II when the fluorescent intensity of both replicates exceeded 10% of relative
fluorescence for each respective positive control.
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Snails confirmed to be shedding only B. damnificus were placed into a single 1-L
Erlenmeyer flask with 750-mL filtered reservoir water and incubated at 29C for 12 hours, to
ensure the highest cercariae infectivity potential. After incubation, the snails were removed, and
a magnetic stir bar was added to the flask to gently stir the cercariae. While stirring, 10 aliquots
of 20 L were removed and placed on a glass slide. Cercariae in each aliquot were counted using
a Nikon SMZ-U stereoscopic microscope (Nikon Instruments, Melville, NY, US) and the
number of cercariae in the 10 droplets (200 L) were used to calculate the mean number of
cercariae/mL.
Channel and hybrid catfish fingerlings used for this study were obtained from the Thad
Cochran National Warm Water Aquaculture Center (NWAC) in Stoneville, Mississippi. All fish
were reared indoors at the NWAC fish rearing facility in 2000-L tanks supplied with continually
exchanged, aerated well water (3.8 L/min) maintained at ~24-26 °C. Prior to testing, fish were
transferred to 75-L aquaria supplied with continually exchanged aerated well water (~25-26C),
with a flow rate of a 1 L/min and served as a stock fish source for infectivity trials. Fish were
transferred to challenge aquaria after cercarial exposure and fed daily to apparent satiation a
commercial catfish feed containing 40% crude protein (Rangen Inc., Buhl, Idaho). Genomic
DNA from all metacercariae excised from fish post-challenge were extracted using the DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA, US) or PuroSPIN Genomic DNA Purification Kit
(Luna Nanotech, Toronto, ON, Canada), and the molecular identity determined using the qPCR
protocols described by Griffin et al. (2010b). All animal procedures were conducted in
compliance with the Mississippi State University Institutional Animal Care and Use Committee.
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3.2.1

Experiment 1: Bolbophorus damnificus cercariae longevity and infectivity
Cercariae (<12 hours post shed) were diluted to a concentration of 100 cercariae/mL by

the addition of filtered reservoir water and 1-mL aliquots were distributed into 50 discrete
scintillation vials. Filtered reservoir water (4 mL) was added to each vial for a final volume of 5
mL (20 cercariae/mL). Before challenge, 55 channel catfish were stocked in one 75-L aquaria.
Exposures were conducted by placing five fish in discrete 1-L containers with 300 mL filtered
reservoir water under constant aeration at ambient temperatures (~25C). One vial of cercariae
was added (100 cercariae/fish) to each container and fish were exposed to cercariae for two
hours. After exposure, all 5 fish were removed from the containers and collectively transferred to
a single 75-L aquaria (5 fish/aquaria) containing 35-L of well water (25-26 °C) maintained under
flow through conditions (1 L/min) with constant aeration. This process was repeated at 12-hour
intervals (0700 – 0900, 1900 – 2100) for 5 days, resulting in a total of 10 exposures. Five fish
were treated similarly at the beginning of the experiment without the addition of cercariae to
serve as negative controls. At the start of each interval, 5 vials of cercariae were observed for 60
seconds under a Nikon SMZ-U stereoscopic microscope (Nikon Instruments, Melville, NY, US)
to enumerate cercariae swimming events. Bolbophorus damnificus cercariae have an intermittent
swimming behavior and move in short bursts of activity which can be counted (Fox 1965). This
count served as an estimate of survival, with a count of 0 movements/min interpreted as no
survival. Fourteen days after the last fish was challenged, all fish were euthanized by an
overdose of 300 mg/L tricaine methane sulfonate (MS-222) and 400 mg/L NaHCO3. The number
of metacercaria present in each fish was determined by cutting 1-cm sections dorsoventrally
along lateral surfaces of the body, abdomen, and fins, while examining the musculature for
metacercariae. Recovered metacercariae excysted from the host- and parasite-derived cysts were
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placed in sterile saline (0.85% v/v), enumerated, and observed under a Nikon SMZ-U
stereoscopic microscope (Nikon Instruments, Melville, NY, US) for apparent viability based on
parasite motility.
3.2.2

Experiment 2: Metacercariae site specificity
For each fish type (channel or hybrid catfish), fish were held in six, 75-L aquaria, stocked

with 20 fish per aquaria. Each aquaria contained 35-L of well water with a flow rate of 1 L/min
with constant aeration. Before the challenge, flow was arrested, and the aquaria water was
replaced with 20-L of reservoir water that had been passed through 20-m mesh, with constant
aeration. For each fish type, three tanks were challenged with a dose of 300 cercariae per fish
(300 cercariae/L) for four hours, after which the flow in all tanks was resumed. The remaining
tanks received no cercariae and served as non-exposed controls.
Ninety days post infection (dpi), three fish from each tank were euthanized using an
overdose of 400 mg/L tricaine methane sulfonate (MS-222) and 400 mg/L NaHCO3.
Metacercariae were excised by cutting 1-cm sections dorsoventrally, along both sides of the
body, abdomen, and fins, and examining the musculature for metacercariae. Metacercariae were
enumerated from four distinct sections of each fish: anterior midsection (beginning at the
rostrum, focusing on musculature between the pectoral and pelvic fin), ventral (belly region),
posterior midsection (musculature of the caudal peduncle, from the pelvic fin to the leading edge
of the caudal fin), and the caudal fin. The number and viability of metacercaria present in each
fish were determined as previously described. Viability was defined as observed parasite
movement within the cyst.
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3.2.3

Experiment 3: Bolbophorus damnificus metacercariae longevity
Prior to the experiment, channel and hybrid catfish were each held in one 75-L aquaria

per fish type at a stocking density of 90 fish per aquaria. Each aquaria contained 50-L of well
water with a flow rate of a 1 L/min and constant aeration. For challenge, 180 1-L plastic
containers were filled with 300 mL of filtered reservoir water and supplemental aeration. Each
exposure treatment consisted of 60 fish placed in individual containers. Fish were exposed to 150
cercaria/fish (high dose), 75 cercaria/fish (low dose) or no cercaria (sham exposed controls) for 4
hours. At the end of the four-hour period, all fish from each treatment group were placed into
duplicate discrete 75-L aquaria (30 fish/tank) containing 50-L of well water (25-26 °C) with a
flow rate of a 1 L/min and constant aeration. At 6 months, fish were split into 2 additional 75-L
aquaria per treatment to reduce crowding. Fish were sampled at 1, 3, 6, 10, and 13 months post
challenge. For sampling, 2 fish from each treatment were arbitrarily removed and euthanized
using an overdose of 400 mg/L tricaine methane sulfonate (MS-222) and 400 mg/L NaHCO3.
The number and apparent viability of metacercaria present in each fish was determined as
described for the cercariae longevity assessment.
3.2.4

Statistical analysis
Before all analyses, normality of residuals was tested using Shapiro-Wilk tests and

homogeneity of variance was tested using Levene’s tests to meet parametric assumptions. If data
could not meet assumptions it was transformed (i.e., log10) to meet assumptions if possible. If
data could not be transformed to meet assumptions, non-parametric Kruskal-Wallis rank sum
tests followed by Dunn’s post-hoc tests were used to compare differences among treatments.
Following each ANOVA, Tukey’s Honest Significant Difference (HSD) post-hoc tests were used
to determine treatment-level differences. All statistical analyses were performed with RStudio
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version 3.5.1 “Feather Spray” (R Core Team 2018) and significance was determined at α= 0.05.
All data are reported as mean ± standard error (SE) unless noted otherwise.
For Experiment 1, a completely randomized experimental design was used with time as
the independent variable, number of metacercariae excised or total cercariae movements as the
dependent variable, and each fish considered an experimental unit. At the first sampling time, 12
hours, the cercariae movements were too numerous to count (TNTC). A conservative estimate of
movement rate (500 movements/min) was used, based on the number of cercariae and movement
and rest rates (Fox 1965). Because data did not meet the assumptions of a parametric test before
or after transformation, total cercariae movements and number of metacercariae excised were
analyzed by Kruskal-Wallis rank sum tests to compare differences among number of cercariae
movements over time and number of metacercariae excised between exposed channel and hybrid
catfish, followed by Dunn’s post-hoc tests.
For Experiment 2, a completely randomized experimental design with subsampling was
used. Because data did not meet the assumptions of a parametric test before or after
transformation, the number of metacercariae excised both within each fish type and the total
from all fish were analyzed using a Kruskal-Wallis rank sum test to compare differences among
each body section, followed by Dunn’s post-hoc tests. The overall difference in total number of
metacercariae observed between the two fish types was analyzed by one-way analysis of
variance (ANOVA) with fish type as the dependent factor and number of metacercariae as the
independent factor.
For Experiment 3, a completely randomized experimental design with repeated measures
was used, with fish type and time as the independent variables, and number of metacercariae
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excised as the dependent variable. Each tank was considered an experimental unit. Presence and
absence of viable metacercariae were determined for each fish type at each time point.
3.3 Results
3.3.1

Experiment 1: Cercariae longevity and infectivity
Over the course of the study, only 1.48% of the collected snails were observed actively

shedding B. damnificus cercaria. No fish mortality was observed in any treatments over the
duration of this study. All metacercariae analyzed by qPCR were identified as B. damnificus. The
number of metacercariae observed and the number of cercariae movements were significantly
different based on cercariae age (Kruskal-Wallis: H1=48.4, p<0.0001; Kruskal-Wallis: H1=46.5,
p<0.0001). The mean number of metacercariae recovered decreased as cercariae age increased.
The mean number of metacercariae from 12, 24, 36, and 48-hour old cercariae were 114 ± 6.3,
65 ± 1.4, 13 ± 0.5, and 0 ± 0, respectively. Similarly, over the same period, mean cercariae
movements decreased from TNTC to 143 ± 10.4, 14 ± 4.2, and 0 ± 0 swimming events per
minute (Figure 3.1). No metacercariae were recovered from fish exposed to cercariae > 48 hours
post shed and no cercariae movements were observed. No metacercariae were found in any
unexposed control fish.
3.3.2

Experiment 2: Metacercariae site specificity
The overall difference between metacercariae recovered from channel and hybrid catfish

was significant (ANOVA: F3,16=6.3, p=0.0311), with more metacercariae observed in channel
catfish. The combined total site specificity of metacercariae differed by site (Kruskal-Wallis:
H3=35.5, p<0.0001), with the anterior midsection and posterior midsection having significantly
higher numbers of metacercariae than either the ventral section or caudal fin, which were not
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significantly different from each other (Table 3.2).There was a significant difference between the
number of metacercariae found between each body section of hybrid catfish (Kruskal-Wallis:
H3=18.6, p=0.0003) with greater numbers in the anterior midsection than ventral section, and
greater numbers in the posterior midsection section than both the ventral and caudal fin sections
(Table 3.2). There was also a significant difference between the number of metacercariae found
between each body section of channel catfish (Kruskal-Wallis: H3=18.4, p=0.0004) with a
greater number in the posterior midsection than the ventral and caudal fin sections, although no
other differences were found between the anterior midsection, ventral, and caudal fin sections
(Table 3.2). No mortality was observed over the duration of this study. No metacercariae were
found in any unexposed control fish. All metacercariae analyzed by PCR were identified as B.
damnificus.
3.3.3 Experiment 3: Metacercariae longevity
All metacercariae recovered from both channel and hybrid catfish demonstrated
movement indicating apparent viability (Table 3.3). All recovered metacercariae were identified
as B. damnificus by qPCR (Griffin et al. 2010b). There was no apparent difference in parasite
load between hybrid and channel catfish and no metacercariae were found in any unexposed
control fish. Further, exposure dose did not influence parasite loading rate, likely a function of
low sample numbers and variable infections levels observed among individual fish. No mortality
was observed in any exposed or control fish.
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3.4 Discussion
3.4.1

Experiment 1: Cercariae longevity and infectivity
This study evaluated the functional longevity and infectivity of B. damnificus. Infectivity

and cercarial motility decreased substantially over the first 36 h, after which all cercaria were
shown to be non-viable as indicated by a lack of infectivity and motility. Cercariae are assumed
to have a restricted energy reserve in the form of glycogen, and their infectivity has been shown
to decrease with increasing age. Some species have been observed with infectivity dropping as
much as 13% per hour (Miller and McCoy 1930; Anderson and Whitfield 1975; Thieltges and
Rick 2006). Additionally, in other trematode species, the duration of time where cercariae are
still alive but no longer infectious to a host, has been observed to be roughly 20% to 50% of the
total survival time (Thieltges and Rick 2006).
In the context of conducting experimental studies assessing the host/parasite interactions
of B. damnificus and the physiological effects on the fish host, it is critical to understand the
timeframe in which cercariae are infectious. The inverse relationship between age of cercariae
post-emergence and number of metacercariae recovered from their use in experimental infections
has improved the current infection model for B. damnificus. Based on these findings, future
studies should be standardized to a 12h shedding period for all snails, so cercariae are no older
than 12h post emergence. Furthermore, this study supports currently employed farm-level
mitigation efforts aimed towards eliminating the snail host, rather than the cercarial stage of B.
damnificus within the pond. As the cercariae are short lived, chemical treatments would need to
be applied repeatedly to be efficacious, which would be both time and cost prohibitive compared
to current snail eradication methods.
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3.4.2

Experiment 2: Metacercariae site specificity
It is typical for trematode stages to occupy specific microhabitats within their respective

hosts. Site specificity of trematode metacercariae has been well documented, with some even
migrating through host tissues during the development process (Schleppe & Goater 2004). Site
specificity in the musculature has been described for B. damnificus by previous studies (Levy et
al. 2002; Overstreet et al. 2002; Yost 2008; Mitchell et al. 2011). Mitchell (et al. 2011)
conducted a comprehensive site specificity study to identify areas of metacercarial concentration.
Compared to the visceral contents, Mitchell et al. (2011) found a significantly higher number of
metacercariae on both the left and right side of the musculature and ribs, starting just posterior to
the opercular flaps and ending at the base of the caudal fin, and the belly flap muscle back to the
anus. This work demonstrated metacercariae of B. damnificus are typically found within the
outer musculature of the fish, and rarely within the viscera or internal muscular structures.
In the present study, when analyzing combined patterns of infection for both fish types,
the anterior and posterior midsections had higher numbers of metacercariae compared to the
ventral section and caudal tail, indicating metacercariae are more likely found on the lateral side
of the fish, as opposed to the ventral side. In channel and hybrid catfish there was an
approximate two-fold increase in recovered metacercaria from the posterior body compared to
the anterior midsection. Although differences were not significant, the trend is likely biologically
relevant, and a lack of significance is possibly related to the small sample size and variable
infection levels among individual fish.
While the highest numbers of metacercaria were in the musculature of the anterior and
posterior midsections, metacercarial cysts were most visibly prominent by gross external
examination in the caudal peduncle and tail. In contrast, a majority of cysts in the midsection
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regions anterior to the caudal peduncle were recovered within the musculature after dissection
and would have gone undetected by visual external examination. The cranial region was
observed as a part of the anterior midsection, but cercariae were rarely found anterior to the
opercular flap. It is important to note that while surface area was not measured, the section
designated as the caudal fin region in this study represents the greatest surface area to tissue ratio
and is the smallest examination area of the four sections.
In hybrid catfish there was not a statistical difference in recovered metacercarial cysts
among the caudal tail and midsection regions. In channel catfish there was no significant
difference between the caudal tail and anterior midsection. Based on the total area and potential
infected tissue, the caudal region appears to be a preferred infection site for B. damnificus
cercaria given the high ratio of metacercariae to assumed tissue mass. Considering an apparent
preference for this area and increased visibility of metacercariae due to the shallow tissue depth,
the caudal peduncle and tail should be the focus of pond side examinations for surveillance of B.
damnificus infestations.
There was a higher number of metacercariae found in channel catfish compared to
hybrids. This could be an artifact related to small sample size and variable infection levels
creating a Type II error or related to behavioral differences between channel and hybrid catfish.
During experimentation associated with the present study and other comparative aquaria studies
evaluating performance characteristics of hybrid and channel catfish, hybrid catfish are more
commonly observed active in the mid to upper levels of the water column. In comparison
channel catfish tend to maintain themselves towards the bottom of aquaria. This could affect the
number of cercariae infecting each fish type in an experimental tank exposure as fish that
congregate at the bottom of the tank inadvertently receive a higher dose. Griffin et al. (2014)
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found no significant differences in the number of metacercariae excised from experimentally
challenged channel, blue, and hybrid catfish, however in their experiment, fish were exposed in
individual containers, minimizing any tank behavior effect. Alternatively, these findings could
point to some degree of host-specific vulnerability and minor differences between the channel
and hybrids.
3.4.3

Experiment 3: Metacercariae longevity
Based on observed motility post-excystment, viable B. damnificus metacercariae

persisted within the musculature of both channel and hybrid catfish over a 13-month period.
Previous work demonstrated metacercariae from experimentally challenged channel catfish
persisted up to 30 months post infection, indicating channel catfish are capable of serving as
intermediate hosts for at least 2.5 years (Mitchell et al. 2011). This study reveals similar
longevity in hybrid catfish, suggesting hybrid catfish can sustain viable infections and potentially
serve as intermediate hosts of B. damnificus for over a year, encompassing the majority of a
production cycle, which is typically 18-24 months (Torrans and Ott 2018).
Current control measures rely on continual examination of fish for the presence of
metacercarial cysts several times during the growing season and close examination of daily feed
records for unexplained decreases in feed consumption. For pond side assessments, it is
recommended that 30-40 fish are examined from each production system. However, given the
logistical issues of continued fish surveillance, many producers focus on feed records as the
initial surveillance step (Wise et al. 2004). There is anecdotal evidence to suggest that hybrid
catfish do not have the same behavioral response to B. damnificus infection as channel catfish
and outbreaks are less apparent, as hybrid catfish do not display the same level of morbidity and
mortality associated with B. damnificus infection (Chapter IV). There are anecdotal reports from
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industry of outbreaks in hybrid catfish going unnoticed until fish were rejected at processing due
to excessive metacercarial burdens within the fillet. In an unpublished case report, hybrid catfish
submitted to the Aquatic Research and Diagnostic Laboratory (ARDL) in Stoneville, MS, were
diagnosed with severe B. damnificus infection, but the producer reported no reductions in
feeding activity (Lester Khoo, personal communication). This lack of response could allow
trematode infestations to go unnoticed if fish are not physically examined, resulting in the
accumulation of heavy parasite burdens potentially creating issues with product quality and
failure to capitalize on harvests. In severe infestations, the longevity of B. damnificus
metacercariae in the fillet has serious economic implications for producers, as even if the sources
of new infections are removed, persistence of metacercariae could reduce marketability of fish
later in the production cycle.
Overall, a slight downward trend was observed in the total number of metacercariae
excised from both fish types with increasing time post infection, indicating that persistence of
metacercariae may have some limitation. It is important to note there is a possible bias in the
number of metacercariae excised on the later sampling dates as the metacercariae are not as
readily visible below the skin as fish size increases, as the resultant greater tissue mass
complicates the identification of cysts within the musculature.
The longevity of trematode metacercariae has been studied with other species and fish
hosts, such as Drepanocephalus spathans, which decreased in number over time in
experimentally challenged channel catfish (Griffin et al. 2014). Studies have found a host
response to B. damnificus infection in channel catfish during the first 14 dpi, which suggests
metacercariae may be resolved by host immune defenses over time (Labrie et al. 2004; Yost et
al. 2008; Griffin et al. 2018). Still, the best treatment approach appears to be eradication of snail
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infection source via pond chemical treatment to minimize further infection, with fish
metacercariae load slowly decreasing over time, minimizing the potential rejection of parasiteridden filets by processors.
3.4.4 Summary
Reports from the ARDL suggest both commercially produced channel and hybrid catfish
are susceptible to B. damnificus, which is supported by previous work (Griffin et al. 2014) and
corroborated in this laboratory-based study. Further, consideration of cercariae age used in
experimental disease challenges should be standardized based on the findings of this study. The
infectivity of cercariae dropped significantly from 12-hour to 24-hour post-release, and
challenges performed with different aged cercariae may not be comparable. This explains some
of the conflicting literature discussing morbidity and mortality associated with B. damnificus
exposures (Levy et al. 2002; Labrie et al. 2004; Yost 2008; Griffin et al. 2014; Rosser et al.
2016b; Griffin et al. 2018). The short-lived infectivity and survival of B. damnificus cercariae
have significant management implications, as they suggest chemical treatments targeting the
cercariae stage in ponds have limited utility. Because the snails are continually shedding and the
cercariae are short lived, treatments targeting the cercariae stage would need to be repetitive,
making them economically and logistically prohibitive.
Metacercariae longevity and site specificity was similar between channel and hybrid
catfish and is supported by other reports of B. damnificus infections in channel catfish. Results
demonstrated the metacercaria can persists for a minimum of 13 months in both fish types
indicating infections acquired in the fingerling stage of production would persist in the fillet
through harvest. Furthermore, this work supports previous reports asserting a possible
predilection for the caudal peduncle and tail fin region, suggesting producers and fish health
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professionals performing pond side assessments should focus on the caudal peduncle and tail
region to expedite the process.
As hybrid catfish production continues to increase, it is important to fully understand the
negative effects B. damnificus may have on this fish type. Hybrid catfish have been shown to
respond differently to many common channel catfish diseases, with reduced responses to
important pathogens such as Edwardsiella ictaluri, Flavobacterium columnare, and Henneguya
ictaluri (Wolters et al. 1996; Bosworth et al. 2003; Beecham et al. 2010; Griffin et al. 2010a;
Arias et al. 2012; Rosser et al. 2019). Understanding the longevity of different stages of this
trematode allows for more accurate challenge models and a base knowledge for investigating the
differences in response between channel and hybrid catfish, allowing researchers to stay on the
forefront of disease mitigation
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3.5

Tables

Table 3.1

Real-time polymerase chain reaction primer sequences used for identification of Bolbophorus spp. from Griffin et al.
(2010b).

Species/primer
Direction
Position*
Sequence (5’-3’)**
Bolbophorus damnificus
BDF1
Forward
18S bp 630-649
GTCGTTGTTTGGTTCTGGCT
BDR7
Reverse
18S bp 749-732
AACTGGCCAGCAAGCAAG
BDTMP
Probe
18S bp 661-683
FAM-CGCGACCACCTCATCATCGTTCG-BHQ1
Bolbophorus sp. type II
B2F2
Forward
18S bp 633-652
GTTGCTTGGTTCTGATTTCG
B2R2
Reverse
18S bp 750-729
CGACTAACCAGCAAGTAAACCC
B2TMP
Probe
18S bp 678-657
HEX-CCACCTCGCCATCACCTGGAAC-BHQ1
* Primer location based on GenBank accession nos. AF490547 and AF490575
** FAM = 6-carboxyfluorescein; HEX = hexachloro-6-carboxy-fluorescein; BHQ1 = black hole quencher-1.

Table 3.2

Experiment 2: mean ± SE number of metacercariae excised from each body section of channel and hybrid catfish.
Within rows, different letters represent significant differences in number of metacercariae between body section for each
fish type or combined (p≤ 0.05). Asterisk indicates significance between the total number of metacercariae excised from
channel catfish (P≤ 0.05).
Fish Type
Hybrid
Channel
Combined

Anterior
Midsection
5.3 ± 1.0 y
7.2 ± 1.0 xyz
6.3 ± 0.7 z

Ventral
0.7 ± 0.2 z
1.7 ± 0.8 z
1.2 ± 0.4 y

Posterior
Midsection
9.4 ± 1.8 y
15.3 ± 1.9 xy
12.3 ± 1.3 z
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Caudal Fin
2.3 ± 0.4 yz
2.6 ± 0.7 z
2.4 ± 0.4 y

Total
17.7 ± 2.9
26.8 ± 2.2*
22.3 ± 2.1

Table 3.3

Fish Type
Channel
Hybrid

Experiment 3: Mean number of metacercariae excised from channel and hybrid
catfish exposed to either 500 or 250 cercariae/L (c/L) sampled at each time point
(n=2) over a 13-month period. Based on motility post-excystment, viable
metacercariae were observed in both channel and hybrid catfish at all time points.
Treatment
Control
500 c/L
250 c/L
Control
500 c/L
250 c/L

1
0.0
3.0
4.0
0.0
1.5
1.5

Months Post Challenge
3
6
0.0
0.0
4.5
5.5
1.5
0.0
0.0
0.0
9.0
3.5
4.0
2.0
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10
0.0
1.5
0.0
0.0
0.0
2.0

13
0.0
2.0
1.0
0.0
1.5
0.5

3.6

Figures

Figure 3.1

Experiment 1: mean ± SE number of cercariae movements per minute (A) and
mean ± SE number of metacercariae removed 14 days post infection from channel
catfish Ictalurus punctatus (B) challenged with cercariae aged up to 120 hours.
Lower case letters represent significant (P≤0.05) differences among cercariae age.
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CHAPTER IV
COMPARATIVE MORTALITY OF JUVENILE CHANNEL AND HYBRID CATFISH
EXPOSED TO BOLBOPHORUS DAMNFICUS CERCARIAE
4.1

Introduction
Bolbophorus damnificus has associated with significant economic losses in farm-raised

catfish in the southeastern US since the late 1990’s (Overstreet et al. 2002; Terhune et al. 2003;
Wise et al. 2008; 2013; Rosser et al. 2016; Griffin et al. 2017). The availability of concentrated
pond-reared catfish has provided ideal foraging grounds for piscivorous birds, such as the
American white pelican (Pelecanus erythrorhynchos), great blue heron (Ardea herodias), great
egret (Ardea alba) and double-crested cormorant (Phalacrocorax auritus), resulting in massive
depredation and optimal conditions for propagation of trematode life cycles (Levy et al. 2002;
Glahn and King 2004; Yost et al. 2009; Griffin et al. 2012; Rosser et al. 2016b, 2016c; Alberson
et al. 2017).
First reported in Louisiana (Hawke and Camus 1998), Bolbophorus damnificus has been
implicated as the cause of massive economic losses in farm-raised catfish (Terhune et al. 2002;
Wise et al. 2008). The complex life cycle sequentially involves the American white pelican as
the definitive host, the planorbid snails Planorbella trivolvis or Biomphalaria havanesis as the
first intermediate host, and channel or hybrid catfish as the second intermediate host (Levy et al.
2002; Overstreet et al. 2002; Yost et al. 2009; Griffin et al. 2014; Rosser et al. 2016b).
Bolbophorus damnificus outbreaks in catfish ponds have been linked to poor production
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efficiency, increased susceptibility to bacterial infections, and increased mortality in channel
catfish (Labrie et al. 2004; Wise et al. 2004; 2008). Mortality and poor growth, along with the
cost of mitigating the negative effects of the disease all have significant farm-level economic
impacts. Even in ponds with low to moderate infection prevalence, economic return can be
reduced by up to 61% (Wise et al. 2008, 2013).
The most effective strategy for managing B. damnificus is reducing snail populations in
ponds (Venable et al. 2000; Mitchell and Hobbs 2003; Terhune et al. 2003; Wise et al. 2006,
2008; Mitchell et al. 2007). Once fish are maintained in a non-infested environment, infected fish
recover from the adverse effects of infection, which appears to occur after encapsulation, at 6-15
days post infection (dpi) (Griffin et al. 2018). Although the metacercarial cyst can persist in
catfish for over 12 months, growth, feed consumption, disease resistance, and survival is
comparable to parasite-free cohorts (Wise et al. 2013). Diligent management strategies
employing previously established chemical treatments have proven effective at controlling B.
damnificus infections, however they can be costly to the farmers and stressful to the fish. As
such, these measures are usually responsive in nature and not typically employed until an
outbreak has already been identified.
Studies have found hybrid catfish are less succeptible to several of the major pathogens
affecting channel catfish, including Edwardsiella ictaluri, Flavobacterium columnare, and
Henneguya ictaluri (Wolters et al. 1996; Bosworth et al. 2003; Beecham et al. 2010; Griffin et al.
2010a; Arias et al. 2012; Rosser et al. 2019). Given this increased utilization of hybrid catfish as
a culture fish, it is imperative to evaluate the responses of hybrid catfish to infectious disease to
understand potential impacts and develop mangement strategies to maximize production
efficiency. Griffin et al. (2014) found no difference in susceptibility of channel, blue, and hybrid
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to B. damnificus infection and reports from the Aquatic Research and Diagnostic Laboratory
(ARDL) located at the National Warmwater Aquaculture Center (NWAC) in Stoneville,
Mississippi indicate increased incidence of B. damnificus in hybrid catfish in recent years.
Further, there have been instances in which hybrid catfish were turned away at processing due to
excessive B. damnificus burdens (Lester Khoo, personal communication).
In channel catfish, feeding activity is reduced during severe B. damnificus outbreaks, to
the point it is readily noticable by farm management. However, there have been reported cases
where hybrid catfish were rejected from processing due to heavy parasitic loads without disease
induced inappetance and associated mortality. Heavy parasite burden without noticable changes
in fish performance implies that B. damnificus may not have the same deleterious effects on
production in hybrids. In line with these reports, preliminary data by researchers at NWAC
suggest reduced mortality in hybrids compared to channel catfish when exposed to similar
numbers of B. damnificus cercariae. The goal of this study was to test whether B. damnificus
inflicts the same level of mortality in hybrid catfish as observed in channel catfish fingerlings.
4.2

Methods
In June 2018, marsh ramshorn snails (P. trivolvis) (n=1,443) were collected on two

separate occasions from commercial catfish aquaculture ponds in western Mississippi with
known B. damnificus outbreaks. On the day of collection all snails were placed into individual
scintillation vials with 10 mL of water collected from a reservoir pond void of fish with no
history of pelican presence. Water was been passed through a 20-m mesh following previously
established protocols (Griffin et al. 2010b, 2014, 2018). Each snail was fed spinach purchased
from a local grocery and rinsed with distilled water. An ~2-cm2 piece of washed spinach leaf was
placed in each vial and snails were incubated in the dark overnight at 28C. At 24 and 48 hours
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each vial was observed for the presence of cercariae. Aliquots (1 ml) of water were collected
from snails shedding cercariae morphologically consistent with Bolbophorus spp. (Flowers et al.
2005). Bolbophorus spp. genomic DNA (gDNA) was extracted from aliquots using the DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA, US) or PuroSPIN Genomic DNA Purification Kit
(Luna Nanotech, Toronto, ON, Canada). The molecular identity of the parasite was confirmed as
either B. damnificus or Bolbophorus sp. type II (Levy et al. 2002) using a duplex real-time PCR
established by (Griffin et al. 2010b). Each 20-L reaction contained 14 L TaqMan
Environmental Master Mix 2.0 (ThermoFisher Scientific, Waltham, MA), 10 pmols of each
primer, 1 pmols of each probe, 3 µL of template DNA and nuclease-free water to volume (Table
4.1). Thermal cycling conditions consisted of an initial hot start of 95C for 15 minutes, followed
by 31 cycles of denaturation at 95C for 15 seconds and anneal/extension at 60C for 1 min, with
data collection following the anneal/extension step. Each plate consisted of concurrently run
positive controls consisting of purified PCR product from B. damnificus and Bolbophorus sp.
type II cercariae as described previously (Griffin et al. 2010b). All samples were run in duplicate
on a BioRad CFX96 qPCR system and accompanying CFX Manager™ software. Reactions were
deemed positive for the presence of B. damnificus or B. sp. type II when the fluorescent intensity
of both replicates exceeded 10% of relative fluorescence for each respective positive control.
Of the 1,443 snails collected, only 1.6 % were observed actively shedding B. damnificus
cercaria. Snails confirmed shedding only B. damnificus were placed into a single 1-L Erlenmeyer
flask with 750-mL filtered reservoir water and incubated at 29C for 12 hours, to ensure the
highest infectivity potential (Chapter II). After incubation, snails were removed, and a magnetic
stir bar was added to the flask to gently stir the cercariae. While stirring, 10 aliquots of 20 L
were removed and placed on a glass slide. Cercariae in each aliquot were counted using a Nikon
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SMZ-U stereoscopic microscope (Nikon Instruments, Melville, NY, US) and the number of
cercariae in the 10 droplets (200 L) were used to calculate the mean number of cercariae/mL.
Channel and hybrid catfish fingerlings were obtained from hatcheries as sac-fry and
raised in the NWAC rearing facility. All challenges occurred in 75-L aquaria containing 22‐L
well water supplied at a flow rate of 1 L/min which were maintained at approximately 26°C with
constant aeration. Following challenges, fish were offered a commercial floating catfish feed
containing 40% crude protein (Rangen, Buhl, Idaho). Fish were fed daily to satiation and
monitored for morbidity and mortality every morning and afternoon for the duration of the study.
All animal procedures were conducted in compliance with the Mississippi State University
Institutional Animal Care and Use Committee.
4.2.1

Challenge 1
Juvenile channel (mean 2.9g; range 0.4 – 7.1g) and hybrid (mean 1.7g; range 0.3 – 4.9g)

catfish (30 fish/aquaria) were each distributed into 6 aquaria, respectively. During challenge,
water flow was suspended to each tank and cercariae were added to challenge aquaria (n= 5
tanks/group) equating to an estimated challenge dose of 98 cercariae/L. A sublethal dose was
estimated using a prior pilot study (unpublished) challenging with 300 cercariae/L which resulted
in 100% mortality for both channel and hybrid catfish of similar size. One tank each for channels
and hybrids received no cercariae and served as a negative control. After four hours, flow was
resumed in all tanks. After 16 days, Challenge 1 was terminated.
4.2.2

Challenge 2
Similar to Challenge 1, juvenile channel (mean 12.3g; range 5 – 23g) and hybrid (mean

9.9g; range 5 – 15g) catfish (20 fish/aquaria) were each stocked into 6 aquaria (20 fish/aquaria),
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respectively. Water flow was suspended and five tanks from each group received challenge
inoculums equating to 250 cercariae/L, similar to the dose used in Chapter II. One tank for each
group received no cercariae. After four hours, flow was resumed in all tanks. After 60 days,
Challenge 2 was terminated.
4.2.3

Statistical Analysis
Before all analyses, normality of residuals was tested using Shapiro-Wilk tests and

homogeneity of variance was tested using Levene’s tests to meet assumptions of distribution. All
survival (percentage) data were arcsine-transformed prior to analyses. Fish weights for channel
and hybrid catfish used in each challenge were compared using a one-way analysis of variance
when normality was met (Fish size: trial 2), or non-parametric Kruskal-Wallis rank sum tests
followed by Dunn’s post-hoc tests (Mortality: trial 1, trial 2; Fish size: trial 1). Differences in
survival over time between groups were analyzed using a Kaplan-Meier survival analysis (α=
0.05). Differences in cumulative mortality between groups were compared using Student’s t-tests
(α= 0.05). All data are reported as mean ± standard error (SE) unless noted otherwise. All
statistical analyses were performed with RStudio version 3.5.1 “Feather Spray” (R Core Team
2018).
4.3

Results and Discussion
Hybrid catfish have gained popularity as a culture animal in recent years due to their

rapid growth, improved feed conversion and reduced susceptibility to common channel catfish
diseases (Bosworth et al. 2004; Green and Rawles 2010; Griffin et al. 2014; Rosser et al. 2019).
Over the past two decades B. damnificus has caused significant economic losses in farm-raised
catfish in the southeastern US, particularly on operations raising channel catfish (Wise et al.
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2008). While associated morbidity, mortality, and parasite-induced anorexia are well
documented in channel catfish, the effects of B. damnificus on hybrid catfish are unclear. Griffin
et al. (2014) found no difference in susceptibility to infection or transmission rates between
channel, blue, and hybrid catfish in controlled studies using sublethal exposures of individual
fish. However, differences in mortality between channel and hybrid catfish in response to lethal
doses remains unknown.
Channel and hybrid catfish of similar size (Challenge 1: X2= 3.6; p=0.06; Challenge 2:
F1=2.5; p=0.13) were exposed to B. damnificus cercaria collected from actively shedding snails
in two independent exposure trials. In both trials, survival over time (Challenge 1: X2=83.3; p=
<0.001; Challenge 2: X2=43.7; p= <0.001) and cumulative mortality were significantly lower in
hybrid catfish (Challenge 1: T8=-2.32; p=0.048; Challenge 2: T8=-2.60; p=0.031) (Figures 4.1 –
4.2). No mortality was observed in any control tanks, and moribund and dead fish in both
challenges presented clinical signs consistent with B. damnificus infection, namely lethargy,
exophthalmia, distended abdomens and metacercariae visible below the skin (Figure 4.3).
Griffin et al. (2018) found mortality in channel catfish exposed to B. damnificus cercariae
coincided with metacercariae encapsulation, which occurred from 7-14 dpi, with grossly visible
metacercariae present by 5 dpi. In the current study, mortality was first observed at 3 dpi in
Challenge 1 and 4 dpi in Challenge 2. Mortality had subsided by 10 dpi in Challenge 1 but
persisted primarily in hybrid catfish until 25 dpi in Challenge 2. Levy et al. (2002) reported
mortality in channel catfish exposed to B. damnificus ranged from 6 – 29 dpi, while Griffin et al.
(2018) observed the first mortality at 8 dpi, with only sporadic mortality occurring after 15 dpi.
In the study by Griffin et al. (2018), peak mortality occurred between 8 – 11 dpi, which
coincided with putative angiogenesis, hemorrhage and encapsulation of the parasite derived cyst.
53

In the current study, peak mortality occurred within the window described by Griffin et
al. (2018). For channel catfish, the highest mortality occurred on 6 dpi in Challenge 1 and 10 dpi
in Challenge 2. Comparably, peak mortality in hybrids occurred on 8 dpi for Challenge 1. Hybrid
mortality in Challenge 2 did not have any singular day with peak mortality, but a steady loss of
1-4 fish/day on 1 – 25 dpi. Depending on dose and fish size, a majority of fish succumb to
infestation during the encapsulation process occurring between 7-14 dpi (Griffin et al. 2018). It is
hypothesized the inflammatory response and hemorrhage associated with encapsulation of B.
damnificus is extremely taxing to channel catfish, resulting in mortality. Although based on
histological assessments, this process had almost completely subsided by 14 dpi, which aligned
with the reductions in mortality observed in both challenges >15 dpi. Comparably, Yost (2008)
reported mortality in experimentally exposed catfish fingerlings as early as 6 days post
challenge, which is prior to the encapsulation process described by Griffin et al. (2018). This
early onset mortality is presumably related to over exposure during experimental challenge. It is
speculated that death prior to the start of the metacercariae encapsulation (<5-6 dpi) could be the
result of osmotic and homeostatic disruption attributed to cercariae penetration, however the
precise reason is unknown (Griffin et al. 2018). Meanwhile, mortality during metacercariae
encapsulation is thought to be attributed to disruption of host physiological processes during the
developing of the larval trematode and the resultant homeostatic burden on the fish host.
While a majority of fish in both trials died during the encapsulation process, low
mortality was observed in the second trial beginning at 1 dpi. This is likely related to unequal
cercarial exposure during collective challenges, resulting in over exposure in some fish. The
cause of prolonged chronic mortality observed in hybrid catfish during the second infectivity
trial is atypical given the work conducted to date. Currently there are limited studies
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investigating the effects of B. damnificus on hybrid catfish. As such it is unknown if this
response is an anomaly associated with challenge conditions or a true representation of a
dampened mortality response in hybrid catfish.
Hybrid catfish have been observed to have a higher tolerance to several major channel
catfish pathogens, including Edwardsiella ictaluri, Flavobacterium columnare, and Henneguya
ictaluri (Wolters et al. 1996; Bosworth et al. 2003; Beecham et al. 2010; Griffin et al. 2010a,
2014; Arias et al. 2012; Rosser et al. 2019). While hybrid catfish are not entirely resistant to B.
damnificus infection (Griffin et al. 2014), results presented here are in line with previous
anectdotal reports suggesting hybrids are more resilient than channel catfish in regards to B.
damnificus, as with many of the diseases currently plaguing the industry. Greater resilience in
hybrids may be due to lower parasite burdens (Challenge 1: X2= 3.6; p=0.06; Challenge 2:
F1=2.5; p=0.13) compared to channel catfish as a result of behavioral differences. In an
experimental setting under similar conditions (Chapter II), the parasite burden was statistically
lower in hybrid catfish compared to channel catfish. It was speculated the lower parasite load in
hybrid catfish could merely be a function of low sample size and variable infections levels
among fish leading to a type II statistical error. Alternatively, these differences could be
attributed to hybrids being more active in the mid to upper aquaria water column resulting in
reduced exposure levels, or simply hybrid catfish are inherently less susceptible to cercarial
penetration and metacercarial development. The data within this chapter supports observations in
Chapter II and indicates that under the conditions of these studies there are differences in how
channel and hybrid catfish respond to B. damnificus parasitism. The biological significance of
these observations in a commercial setting needs further investigation.
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It is thought, though not empirically confirmed, that recent industry contraction and
reductions in total water acreage devoted to catfish farming have increased bird pressure on
remaining operations, as loafing and foraging sites for piscivorous birds have been depleted
while bird populations have remained stable. As a result, catfish operations will continue to
battle piscivorous birds and the trematodes they carry (Burr and Dorr 2016; Rosser et al. 2016a,
2016b, 2016c, 2017, 2018; Griffin et al. 2018). Fortunately, management strategies and pond
treatments are available to reduce snail populations in catfish ponds (Wise et al. 2004, 2006;
Mitchell et al. 2007), however, treatments are typically administered reactively rather than
prophylactically. This poses a challenge if hybrid catfish do not present behavioral signs
indicitive of an outbreak as seen in channel catfish. Therefore, producers need to be cognizant of
harvests potentially being rejected by processors for trematode infested fillets, especially if snails
are abundant in ponds and pelicans have been observed loafing on their operation. As a result, B.
damnificus may not have the same negative impacts on hybrid production, so long as trematode
burden does not advance to the point fish are turned away at processing, negating any economic
gains from increased production efficiency. Further research is warranted as to the mechanisms
for reduced mortality in hybrid cafish such as a comparison of the histopathology of encystment
of B. damnificus and the physiological response of both fish types to infection.
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4.4

Tables

Table 4.1

Real-time polymerase chain reaction primer sequences used for identification of Bolbophorus spp. from Griffin et al.
(2010b).

Species/primer
Direction
Position*
Sequence (5’-3’)**
Bolbophorus damnificus
BDF1
Forward
18S bp 630-649
GTCGTTGTTTGGTTCTGGCT
BDR7
Reverse
18S bp 749-732
AACTGGCCAGCAAGCAAG
BDTMP
Probe
18S bp 661-683
FAM-CGCGACCACCTCATCATCGTTCG-BHQ1
Bolbophorus sp. type II
B2F2
Forward
18S bp 633-652
GTTGCTTGGTTCTGATTTCG
B2R2
Reverse
18S bp 750-729
CGACTAACCAGCAAGTAAACCC
B2TMP
Probe
18S bp 678-657
HEX-CCACCTCGCCATCACCTGGAAC-BHQ1
* Primer location based on GenBank accession nos. AF490547 and AF490575
** FAM = 6-carboxyfluorescein; HEX = hexachloro-6-carboxy-fluorescein; BHQ1 = black hole quencher-1.
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4.5

Figures
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5

10
Days post challenge

15

Challenge 1: Observed mortality in juvenile channel (0.4 – 7.1g) and hybrid (0.3 –
4.9g) catfish exposed to Bolbophorus damnificus (98 cercariae/L). Values
represent the cumulative percent mortality for each treatment over 16 dpi. Gray
area designates period of parasite encapsulation observed in channel catfish
(Griffin et al. 2018). No mortality was observed in any control treatments.
Differences between groups were significant (p<0.05).
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Figure 4.2

Challenge 2: Observed mortality in juvenile channel (5 – 23g) and hybrid (5 – 15g)
catfish exposed to Bolbophorus damnificus (250 cercariae/L). Values represent the
cumulative percent mortality for each treatment over 60 d. No mortality was
observed in either treatment between 35 – 60 dpi. Gray area designates period of
parasite encapsulation found in channel catfish (Griffin et al. 2018). No mortality
was observed in any control treatments. Differences between groups were
significant (p<0.05).
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Figure 4.3

Moribund and dead channel catfish (A), (C right) and hybrid catfish (B), (C left)
from Challenges 1 and 2, respectively, presented with gross clinical signs
consistent with Bolbophorus damnificus infection, including exophthalmia,
distended abdomens, and metacercariae (arrows) visible below the skin.
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CHAPTER V
PHYSIOLOGICAL RESPONSE OF CHANNEL (ICTALURUS PUNCTATUS) AND HYBRID
(I. PUNCTATUS X I. FURCATUS) CATFISH OVER THE TIME COURSE OF
BOLBOPHORUS DAMNIFICUS INFECTION
5.1

Introduction
The trematode Bolbophorus damnificus is one of the most detrimental parasites

impacting farm-raised channel Ictalurus punctatus and hybrid I. punctatus  I. furcatus catfish in
the southeastern US (Overstreet et al. 2002; Terhune et al. 2003; Wise et al. 2009; Rosser et al.
2016; Griffin et al. 2018). Since being identified in the 1990’s, B. damnificus outbreaks in catfish
ponds have been linked to poor production efficiency, increased susceptibility to bacterial
infections, and fish mortality (Wise et al. 2004). Mortality, poor growth, and the cost of
mitigating the negative effects of infection all have significant farm-level economic impacts
(Wise et al. 2008). Economic loss has been correlated with moderate to severe infestations, and
even ponds with low prevelance showed up to 61% reduced economic return (Wise, Hanson, and
Tucker 2008; Wise et al. 2013).
The complex life cycle of this trematode involves the American White Pelican,
Pelecanus erythrorhynchos, a planorbid snail Planorbella trivolvis or Biomphalaria havanensis,
and the channel or hybrid catfish (Lee 1991; Terhune et al. 2003; Griffin et al. 2014).
Metacercariae can persist in the channel catfish for up to 36 months post infection (Mitchell et al.
2011), and hybrid catfish for at least 12 months (Chapter II), but the most deleterious effects are
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observed during the acute infection stage, 7-15 days post infection (dpi) (Griffin et al. 2018).
Currently, the most effective strategy for managing B. damnificus is by reducing snail
populations in ponds to prevent further infection (Venable et al. 2000; Mitchell and Hobbs 2003;
Terhune et al. 2003; Wise et al. 2006, 2008; Mitchell et al. 2007). Wise et al. (2013) found that
once the source of infection is removed, infected channel catfish were able to recover with a
comparable growth rate, feed efficiency, and survival to uninfected fish. However, because pond
treatment is both costly to the farmers and stressful to the fish, snail reduction treatments are not
typically used until an outbreak has been identified.
While B. damnificus has historically been a major problem in pond-production of channel
catfish, there has been an increasing trend in utilizing hybrid catfish due to their favorable
production characteristics, including increased disease resistance to many common channel
catfish diseases. Hybrid catfish have been shown to be less susceptible to several major
pathogens including Henneguya ictaluri, Flavobacterium columnare, and Edwardsiella ictaluri
(Wolters et al. 1996; Bosworth et al. 2003; Beecham et al. 2010; Griffin et al. 2010a; Arias et al.
2012; Rosser et al. 2019). However, the number of B. damnificus cases in hybrid catfish reported
to the Aquatic Research and Diagnostic Laboratory located at the National Warmwater
Aquaculture Center (NWAC) in Stoneville, MS have been increasing, and there have been
reported instances of hybrid catfish turned away at processing due to excessive B. damnificus
loads in the musculature (Lester Khoo, personal communication). Griffin et al. (2014) found no
difference in suceptibility to infection between channel, blue, and hybrid catfish to B. damnificus
but recent data suggests that there is a lower rate of mortality observed in hybrid catfish exposed
to the same dose of B. damnificus cercariae as channel catfish (Gunn et al. unpublished).
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In catfish, the post-infection window of mortality aligns with the time frame of
pathophysiological changes due to encapsulation of the metacercariae and associated
neovascularization (Griffin et al. 2018). Host neovascularization is also associated with parasite
encapsulation in most groups of helminths, such as cestoda, nematoda, and trematoda (Dennis et
al. 2011). The vascularization is thought to facilitate the transportation of nutrients and waste to
and from the parasite (Humes and Akers 1952; Pearlman et al. 1998; Marino et al. 2003; Dezfuli
et al. 2005; Di Maio and Mladineo 2008; Griffin et al. 2018). This process can potentially
decrease the oxygen carrying capacity of the blood through a reduction in red blood cell
concentration and consequently hemoglobin, which reduces the efficiency of the cardiovascular
system overall (Barber and Wright 2017). An anemic response from the host is a common
symptom of infection, and consequences of infection can include diminished hematocrit due to a
blood loss (hemorrhage), dilution of blood, or red blood cell destruction, as well as diminished
renal function and osmoregulation (Bunnajirakul et al. 2000; Barber and Wright 2017). A
mobilization of energy stores, leading to increased plasma glucose and lactate levels, is typically
observed with a decrease in oxygen availability (Thomas 1990; Grutter and Pankhurst 2000). In
channel and hybrid catfish, neovascularization associated with B. damnificus infection aligns
with the window of mortality, but the physiological basis for mortality is not known. Similar to
host responses to other encysting parasites, anecdotal evidence suggests anemia is induced in
catfish during the initial period of infection.
Hematological responses to B. damnificus infection, including indicators of anemia and
energy mobilization, have not been assessed in channel or hybrid catfish but could provide
important insight into disruptive effects during the encapsulation process, and the differences in
mortality between channel and hybrid catfish. Therefore, the goal of this research is to
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understand the time course of energetic physiological responses of channel and hybrid catfish to
B. damnificus cercariae infection and determine whether there are differences that could help
explain the decreased mortality in hybrid catfish.
5.2
5.2.1

Methods
Fish Challenges
Cercariae collection – Marsh ramshorn snails Planorbella trivolvis (n = 3,152) were

collected from commercial catfish ponds located in the Mississippi Delta region with known B.
damnificus outbreaks in June 2018. Snails were placed in 10-mL scintillation vials and observed
for cercarial shedding. On the day of collection all snails were placed into individual scintillation
vials with 10 mL of water collected from a reservoir pond void of fish and with no known
pelican activity. Water had been passed through a 20-m mesh following previously established
protocols (Griffin et al. 2010b, 2014, 2018). Each snail was fed spinach purchased from a local
grocery and rinsed with distilled water. An ~2 cm2 piece of washed spinach leaf was placed in
each vial and snails were incubated in the dark overnight at 28C. At 24 and 48 hours each vial
was observed for the presence of cercariae. Aliquots (1 mL) of water were collected from snails
shedding cercariae morphologically consistent with Bolbophorus spp. (Flowers et al. 2005).
Bolbophorus spp. genomic DNA (gDNA) was extracted from aliquots using the DNeasy Blood
& Tissue Kit (Qiagen, Valencia, CA, US) or PuroSPIN Genomic DNA Purification Kit (Luna
Nanotech, Toronto, ON, Canada). The molecular identity of the parasite was confirmed as either
B. damnificus or Bolbophorus sp. type II (Levy et al. 2002) using a duplex real-time PCR
established (Griffin et al. 2010b). Each 20-L reaction contained 14 L TaqMan Environmental
Master Mix 2.0 (ThermoFisher Scientific, Waltham, MA), 10 pmols of each primer, 1 pmols of
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each probe, 3 µL of template DNA and nuclease-free water to volume (Table 5.1). Thermal
cycling conditions consisted of an initial hot start of 95C for 15 minutes, followed by 31 cycles
of denaturation at 95C for 15 seconds and anneal/extension at 60C for 1 min, with data
collection following the anneal/extension step. Each plate consisted of concurrently run positive
controls consisting of purified PCR product from B. damnificus and Bolbophorus sp. type II
cercariae as described previously (Griffin et al. 2010b). All samples were run in duplicate on a
BioRad CFX96 qPCR system and accompanying CFX Manager™ software. Reactions were
deemed positive for the presence of B. damnificus or B. sp. type II when the fluorescent intensity
of both replicates exceeded 10% of relative fluorescence for each respective positive control.
Snails confirmed to be shedding only B. damnificus (2.2%) were placed into a single 1-L
Erlenmeyer flask with 750-mL filtered reservoir water and incubated at 29C for 12 hours to
ensure optimal infectivity potential of cercariae (Chapter II). After incubation, the snails were
removed, and a magnetic stir bar was added to the flask to gently stir the cercariae. While
stirring, 10 aliquots of 20 L were removed and placed on a glass slide. Cercariae in each aliquot
were counted using a Nikon SMZ-U stereoscopic microscope (Nikon Instruments, Melville, NY,
US) and the number of cercariae in the 10 droplets (200 L) were used to calculate the mean
number of cercariae/mL.
Channel and hybrid catfish fingerlings (channel: 21.4±0.93g; hybrid: 27.5±2.63g) used
for this study were obtained from the Thad Cochran National Warm Water Aquaculture Center
(NWAC) in Stoneville, Mississippi. All fish were reared indoors at the NWAC fish rearing
facility in 2000-L aquaria supplied with continually exchanged aerated well water (5 L/min).
Prior to testing, fish were transferred to 75-L aquaria supplied with continually exchanged
aerated well water, with a flow rate of a 1 L/min and served as a stock fish source for infectivity
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trials. Twenty-four hours before the challenge, 210 fish of each fish type were divided into seven
75-L aquaria containing 75-L of well water (30 fish/aquaria) with a flow rate of a 1 L/min and
maintained at approximately 26ºC with constant aeration. For the challenge, flow was arrested
and water in the aquaria was replaced with 20-L reservoir water passed through 20 m mesh
with constant aeration. Three aquaria of each fish type received either 0 or 450 cercariae/L
treatments, based on the challenge doses used by Griffin et al. (2014), and flow resumed in all
aquaria after four hours. One aquaria of each fish type received 450 cercariae/L but was used for
an estimation of mortality and no samples were collected. All fish were fed a commercial catfish
diet (32% protein, 6% fat, <5% fiber, <9% ash; Rangen Inc., Buhl, ID) to satiation once daily
and food was withheld for 24 hours before sampling. Fish were observed for mortality daily,
with dead fish removed and recorded.
Sampling - Samples were collected at 3, 6, 9, 11, 14, 21, 28, 35, and 49 dpi. On sampling
days, two fish from each aquaria were quickly removed and euthanized in an overdose of
buffered anesthetic (i.e., 300mg/L MS-222 with 400mg/L NaHCO3). Weight (g) and total length
(mm) were measured, each fish was immediately bled through the caudal vein using a 21-gauge
Li-heparinized syringe, and blood was transferred to a 1.5mL Li-heparinized tube. Whole blood
was stored on ice until further analysis, for a maximum of 2 hours. Tissue samples were
collected from the liver and muscle tissue of each fish, immediately frozen in liquid nitrogen,
and later stored at -80C.
5.2.2

Physiological Indicators
Variables measured in whole blood included hematocrit, hemoglobin, and red blood cell

concentration, while variables measured in plasma consisted of osmolality, glucose, and lactate.
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Hematocrit was measured in duplicate using a 75 mm capillary tube (0.5 mm diameter),
centrifuged for 5 minutes at 7,000 rpm. Hemoglobin was measured using Drabkin’s reagent
(Sigma-Aldrich, St. Louis, MO) following manufacturer’s instructions. Red blood cell
concentration was determined using a hemocytometer for 3 and 6 dpi, with 1:100 dilution with
saline (9g/L), and subsequently diluted to 1:200 by mixing 50L Trypan Blue with 50L of the
cell solution for differentiation between live and dead cells (Tennant 1964). Red blood cell
concentration over 9 to 49 dpi were determined using an automated cell counter (Countess II
Automated Cell Counter, ThermoFisher Scientific, Waltham, MA), with 1 L of whole blood
diluted at 1:400 with saline (9g/L), and subsequently diluted to 1:800 by mixing 15L Trypan
Blue with 15L of the cell solution. All samples were counted in duplicate. The remaining blood
was centrifuged at 10,000 x g for 4 minutes. Plasma was transferred to a 1.5 mL tube and stored
at -80C.
Blood plasma was analyzed for osmolality, lactate, and glucose. Commercial assay kits
were used to measure glucose (DIGL-100; BioAssay Systems, Hayword, CA) and L-lactate (A108L; Biomedical Research Service Center, Buffalo, NY), and osmolality was measured using a
vapor pressure osmometer (Vapro 5520; Wescor Inc., Logan, UT). If volume was not sufficient
for all three analyses, samples were diluted either 1:2 or 1:3 with deionized water, and the
dilution was accounted for in data analyses.
5.2.3

Statistical Analysis
For physiological comparisons, three aquaria of each fish type were exposed to B.

damnificus cercariea, while three aquaria served as unexposed controls (six aquaria per fish
type). One aquaria received an inoculating dose consistent with sampling tanks but served only
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to establish mortality associated with the challenge dose. On each sampling day, two fish were
sampled from each aquaria. Before all analyses, normality of residuals was tested using the
Shapiro-Wilk tests and homogeneity of variance was tested using Levene’s tests to meet
parametric assumptions. If assumptions were not met, data were transformed (e.g., cubic, log10)
before each analysis of variance (ANOVA). Measurements (hematocrit, hemoglobin, red blood
cell concentration, plasma glucose, plasma lactate, and plasma osmolality) were analyzed using a
two-way ANOVA with repeated measures, using factors of fish type and treatment repeated over
time. Least-square means for multiple comparisons were used in conjunction with each ANOVA
to determine differences. Differences in survival over time between groups were analyzed using
a Kaplan-Meier survival analysis with censoring to account for fish removed for sampling. For
all analyses α was set to 0.05. All data are reported as mean ± standard error (SE) unless noted
otherwise. All statistical analyses were performed with SAS v9.4 or RStudio version 3.5.1
“Feather Spray” (R Core Team 2018).
5.3

Results
There was no significant difference in weight or total length (TL) between exposed and

control treatments within the same fish type (weight: F1=0.15, p=0.70; TL: F1=1.09, p=0.29),
but there was a significant difference in weight and TL between channel and hybrid catfish used
in the study (weight: F1,7=12.32, p<0.001; TL: F1,7=3.43, p=0.02), with hybrid catfish larger than
channel catfish overall.
Survival over time between exposed channel and hybrid catfish was significantly higher
in hybrid catfish in both the sampling (X2=18.6; p= <0.001) and the non-sampling observation
tanks (X2=28.3; p= <0.001). In control treatments, no mortality observed in the hybrid catfish.
One control channel catfish died at 9 dpi from apparent tankmate aggression. No signs of B.
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damnificus infection were observed in either fish. In the non-sampling aquaria used for mortality
observation, 17 channel died over the 49-day experiment, compared to 2 hybrid catfish. The
majority of channel catfish within the observation group died at 9-15 dpi, with the exception of
one death at 20 dpi.
Within the exposed sampling treatments, a total of 31 channel catfish and three hybrid
catfish died over the course of the experiment. Subdermal metacercarial cysts were observed in
all exposed fish from 9 to 35 dpi but were not observed at 49 dpi. All exposed fish were observed
to have pale livers and gills, symptoms typical of anemia, compared to the controls during the
encapsulation period, 6-14 dpi. The gross clinical signs consistent with B. damnificus infection
observed in previous studies, including raised papular legions indicating subdermal
metacercariae, exophthalmia, distended abdomens, petechial hemorrhaging, and hemorrhaging at
the base of fins (Yost 2008; Griffin et al. 2018) were observed in all exposed groups, at varying
levels in different individuals.
For the whole blood parameters, there was a significant treatment effect with respect to
hematocrit and hemoglobin and RBC concentration, as well as a significant treatment effect over
time (Table 5.2; Table 5.3). Exposed fish had significantly lower hematocrit and hemoglobin
than control fish at 11 to 35 dpi, and significantly lower RBC concentration on 11 and 14 dpi
(Table 5.3; Figure 5.1). There was no treatment effect on plasma glucose or lactate (Table 5.2;
Figure 5.2). There was a significant effect of treatment on plasma osmolality, but no significant
effect of treatment over time (Table 5.2; Table 5.3; Figure 5.2).
5.4

Discussion
Previous studies characterized trematode-induced mortality and histopathological

changes associated with B. damnificus infection and encapsulation in channel (Griffin et al.
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2018) and hybrid catfish (Chapter IV), however, physiological causes of mortality were unclear.
Over the time period of infection, hematocrit, hemoglobin, and RBC concentration decreased
during the period of encapsulation followed by a subsequent recovery. There were no changes
over time in plasma glucose, lactate, or osmolality with regard to exposure to B. damnificus or
between channel and hybrid catfish, but there were overall differences between exposed and
control fish in plasma osmolality. These findings are consistent with previous suggestions of a
host anemic response during the metacercarial encapsulation period, 7 – 14 dpi (Griffin et al.
2018).
In this study, both channel and hybrid catfish exposed to B. damnificus showed a
decrease in hematocrit and hemoglobin during and after the encapsulation period at 11 – 35 dpi,
and RBC concentration at 11 and 14 dpi compared to the control groups, with a subsequent
recovery. While not statistically significant on all days, the data indicate a downward trend in all
three parameters in the exposed treatment groups prior to and during the parasite encapsulation
period (Figure 5.1). The observed decrease in hematocrit, hemoglobin, and RBC concentration
occur over a similar timeframe as the hemorrhagic response to B. damnificus penetration and
encapsulation observed in past studies (Yost 2008; Griffin et al. 2018). The mean control
hematocrit (25.9±0.9%) was slightly lower than the reported reference range (27 – 54%), but
hemoglobin (10.4±0.2 g/dL) and RBC concentration (1.5±0.1x109/L) fall within reference
ranges for non-stressed channel catfish (Tavares-Dias and Moraes 2007). All exposed fish were
observed to have pale livers and gills, symptoms typical of anemia, compared to the controls
during the encapsulation period, 6-14 dpi.
By 49 dpi there were no differences between any of the whole blood parameters
measured for either channel or hybrid catfish, indicating that fish had recovered from the adverse
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effects of infection once parasite encapsulation was complete. Similarly, Wise et al. (2013) found
that channel catfish experimentally infected with B. damnificus were able to recover to a growth
rate, feed consumption, and feed conversion ratio similar or better than unexposed channel
catfish. Similarly, mortality following E. ictaluri challenge was similar between parasitized and
non-parasitized fish 21 days after experimental exposure to B. damnificus cercaria (Labrie et al.
2004)
Exposure to B. damnificus did not have a significant effect on plasma parameters
measured (glucose, lactate, and osmolality) over time. Both plasma glucose and lactate were
within reference ranges reported by Tavares-Dias and Moraes (2007), indicating fish did not
deviate greatly from normal levels, regardless of trematode exposure. There was a treatment
effect on osmolality (Table 5.1). In control fish, mean osmolality (275±1.8 mmol/kg) was within
similar ranges of unstressed channel catfish reported in other studies. Comparably, mean
osmolality in exposed fish (245±4.8 mmol/kg) was decreased compared to previous studies
(Eckert et al. 2001; Griffin et al. 2002). Overall, plasma osmolality (275±1.8 mmol/kg) was
reduced in exposed fish compared to control treatments. Decreased osmolality could be due to
blood dilution, as there was a significant drop in RBC concentration during the encapsulation
period and parasite-associated hemorrhage. In channel catfish, decreased osmolality is a typical
response to exposure to chemical and bacterial stressors that results from a loss of electrolytes,
but has not been studied as a response to parasite infection (Griffin et al. 2002; Welker et al.
2007). Decreased osmolality could indicate a long-term low-level response to parasite infection
in both channel and hybrid catfish, even after the encapsulation process is complete. However,
due to the small sample size the difference in osmolality could be an artifact of high variability
among individual fish.
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All parasites utilize host‐derived resources for their growth and development, therefore,
there is an energetic drain on the host (Barber and Wright 2017). Behavioral responses leading to
performance reduction, such as reduced foraging ability, have been observed following parasite
infection in fish, such as in Atlantic cod Gadus morhua infected with the copepod Learnocera
branchialis (Reidy et al. 2000) and in three-spined stickleback Gasterosteus aculeatus infected
with the cestode Schistocephalus solidus (Arme and Owen 1967; Tierney et al. 1993). The
physiological response correlating with these behavioral changes has not been identified, but it is
speculated the decreased foraging capacity limits energy replenishment in infected fish (Barber
and Wright 2017). Anemia has also been identified as a response to parasite infection in fish
such as Atlantic sturgeon Acipenser oxyrinchus infected with the trematode Nitzschia sturionis
(Matsche et al. 2010) and three-spined stickleback Gasterosteus aculeatus infected with the
monogean Gyrodactylus elegans (Adams and Adams 1974). In these studies other physiological
parameters, such as anaerobic energy mobilization, were not studied, however, in channel catfish
anemia has been observed as a seasonal disorder and correlated with a depletion of energy
sources, such as glucose, and changes in anaerobic metabolites (Allen et al. 2015).
While changes in plasma glucose and lactate would be expected as a sign of anaerobic
energy utilization associated with the anemic response following B. damnificus infection, in this
study there were no differences in either plasma lactate or glucose over time in infected channel
or hybrid catfish. There is evidence to suggest that parasites do not generate the same classic
stress response, such as hypothalamic-pituitary-interrenal axis activation, increased plasma
lactate and glucose levels, and decreased osmolality (Grutter and Pankhurst 2000). Studies found
no changes in levels of cortisol or plasma glucose in rainbow trout infected with the
hemoflagellate Cryptobia salmositica or the pathogenic fungus Icthyophonus hoferi, even in
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cases with clear pathological changes (Laidley et al. 1987; Rand and Cone 1990; Grutter and
Pankhurst 2000). A possible explanation is stress-induced elevation in plasma cortisol
suppressed the immune response in fishes, therefore reducing the capacity of the fish to respond
to the infection (Grutter and Pankhurst 2000).
Griffin et al. (2018) found mortality associated with B. damnificus infection peaked
during the parasite encapsulation period and corresponded to neovascularization and
development of the host-derived capsule. A study by Gunn et al. (Chapter IV) found hybrid
catfish have reduced mortality following exposure to a similar dose of B. damnificus cercariae.
However, results of this study suggest that within the physiological parameters observed, the
response to infection is similar between the two fish types. The difference observed in mortality
could be due to behavioral differences in an aquaria setting, where hybrid catfish are more
commonly found in mid to upper water column which could result in lower exposure levels
compared to channel catfish which are most commonly observed along the bottom. While Griffin
et al. (2014) found that there was no difference in susceptibility to B. damnificus cercariae
between channel and hybrid catfish challenged individually in small (2L) containers, a previous
study (Chapter IV) found that hybrid catfish were infected with fewer metacercariae than
channel catfish when challenged in larger (75L) aquaria. The difference in behavior could impact
the infection level in different fish types, accounting for the difference in mortality. Additionally,
the physiological response measured in channel catfish could be due a survivor bias, as
significantly more channel catfish died over the course of infection than hybrid catfish. The
biological and experimental implications of these observations warrants further investigation.
As hybrid catfish continue to be utilized more frequently in aquaculture, it is important to
understand the impacts of common pathogens. With recent industry reductions in total water
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acreage used for catfish farming, there is increased bird pressure on remaining operations, and as
a result catfish operations will have an ongoing challenge to mitigate the effects of piscivorous
birds such as the American white pelican and the trematode parasties they transmit (Burr and
Dorr 2016; Griffin et al. 2018). Fortunately, management strategies and pond treatments are
available to reduce snail populations in catfish ponds to mitigate the effects of further infection
(Wise et al. 2004, 2006; Mitchell et al. 2007). However, these treatments are typically
administered reactively rather than prophylactically, making it important to understand the
impact on channel and hybrid catfish at the time of infection to allow researchers to continue
improving trematode management strategies. There appears to be a lessened behavioral response
in response to infection in hybrid catfish, making outbreaks challenging to identify. Producers
need to be vigilant in checking catfish for signs of B. damnificus infection, with raised
metacercarial cysts around the caudal peduncle or the presence of large snail populations on
pond banks necessitating immediate pond treatment. This is especially true for ponds with a
known history of pelican loafing. Further research is warranted on the molecular mechanisms for
reduced mortality in hybrid cafish, as well as a comparison of the histopathology of encystment
of B. damnificus between hybrid and channel catfish.

74

5.5

Tables

Table 5.1

Real-time polymerase chain reaction primer sequences used for identification of Bolbophorus spp. from Griffin et al.
(2010b).

Species/primer
Direction
Position*
Sequence (5’-3’)**
Bolbophorus damnificus
BDF1
Forward
18S bp 630-649
GTCGTTGTTTGGTTCTGGCT
BDR7
Reverse
18S bp 749-732
AACTGGCCAGCAAGCAAG
BDTMP
Probe
18S bp 661-683
FAM-CGCGACCACCTCATCATCGTTCG-BHQ1
Bolbophorus sp. type II
B2F2
Forward
18S bp 633-652
GTTGCTTGGTTCTGATTTCG
B2R2
Reverse
18S bp 750-729
CGACTAACCAGCAAGTAAACCC
B2TMP
Probe
18S bp 678-657
HEX-CCACCTCGCCATCACCTGGAAC-BHQ1
* Primer location based on GenBank accession nos. AF490547 and AF490575
** FAM = 6-carboxyfluorescein; HEX = hexachloro-6-carboxy-fluorescein; BHQ1 = black hole quencher-1.
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Table 5.2

Between subject effects of repeated measures ANOVA with whole blood and plasma parameters in channel and hybrid
catfish exposed to B. damnificus cercariae. Interactions or experimental effects are considered significant at α=0.05.

Hematocrit (%)
F
Treatment
F1,7=60.4
3
Fish
F1,7=0.01
Treatment x Fish
F1,7=0.39
Type
Plasma Glucose (mg/dL)
F
Treatment
F1,7=5.36
Fish
F1,7=2.39
Treatment x Fish
F1,7=1.34
Type

Pr>F
<0.00
1
0.93
0.61

Hemoglobin (g/dL)
F
Treatment
F1,7=71.6
6
Fish
F1,7=0.33
Treatment x Fish
F1,7=1.59
Type

Pr>F
0.05
0.13
0.28

Plasma Lactate (µM)
F
Treatment
F1,7=0.27
Fish
F1,7=0.24
Treatment x Fish
F1,7=0.45
Type
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Pr>F
<0.00
1
0.59
0.45

Red Blood Cells (Log10 cells/ml)
F
Pr>F
Treatment
F1,7=19.8 0.003
0
Fish
F1,7=0.01 0.92
Treatment x Fish
F1,7=0.01 0.92
Type
Plasma Osmolality (mg/kg)

Pr>F
0.62
0.64
0.52

Treatment
Fish
Treatment x Fish
Type

F1,7=8.55
F1,7=0.04
F1,7=0.06

Pr>F
0.02
0.84
0.81

Table 5.3

Time

Within subject effects of repeated measures ANOVA with whole blood and plasma parameters in channel and hybrid
catfish exposed to B. damnificus cercariae. Interactions or experimental effects are considered significant at α=0.05.
Hematocrit (%)
F
F8,56=9.53

Time x Treatment

F8,56=8.24

Time x Fish Type
F8,56=0.28
Time x Treatment
F8,56=1.02
x Fish Type
Plasma Glucose (mg/dL)
F
Time
F8,56=3.60
Time x Treatment
F8,56=0.44
Time x Fish Type
F8,56=0.18
Time x Treatment F8,56=0.73
x Fish Type

Pr>F
<0.00
1
<0.00
1
0.61
0.43

Pr>F
0.002
0.77
0.99
0.66

Time

Hemoglobin (g/dL)
F
F8,56=6.88

Time x Treatment

F8,56=3.52

Time x Fish Type
F8,56=1.59
Time x Treatment
F8,56=0.78
x Fish Type
Plasma Lactate (µM)
F
Time
F8,56=3.71
Time x Treatment
F8,56=2.36
Time x Fish Type
F8,56=0.40
Time x Treatment
F8,56=0.93
x Fish Type
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Pr>F
<0.00
1
0.002
0.15
0.62

Pr>F
0.002
0.03
0.52
0.49

Red Blood Cells (Log10 Cells/ml)
F
Pr>F
Time
F8,56=3.96 <0.00
1
Time x Treatment
F8,56=2.34 0.03
Time x Fish Type
F8,56=2.33 0.03
Time x Treatment x
F8,56=0.66 0.72
Fish Type
Plasma Osmolality (mg/kg)
Pr>F
Time
F8,56=1.39 0.22
Time x Treatment
F8,56=0.67 0.72
Time x Fish Type
F8,56=0.67 0.72
Time x Treatment x
F8,56=1.09 0.39
Fish Type

5.6

Figures

Figure 5.1

Mean ± SE measurements of hematocrit (1a, 1b), hemoglobin (2a, 2b), red blood
cell concentration (3a, 3b) responses of channel and hybrid catfish infected with
Bolbophorus damnificus cercariae (450 cercariae/L). Gray area designates period
of parasite encapsulation found in channel catfish (Griffin et al. 2018). Asterisks
denote significant differences (p=0.05) between exposed and control treatments on
each day post infection.
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Figure 5.2

Mean ± SE measurements of plasma glucose (4a, 4b), plasma lactate (5a, 5b),
plasma osmolality (6a, 6b) responses of channel and hybrid catfish infected with
Bolbophorus damnificus cercariae (450 cercariae/L). Gray area designates period
of parasite encapsulation found in channel catfish (Griffin et al. 2018). Asterisks
denote significant differences (p=0.05) between exposed and control treatments on
each day post infection.
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