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ABSTRACT

Skin lesions and mortality events of both adult and young smallmouth bass have
occurred in the Chesapeake Bay, an area largely influenced by agriculture and heavily
impacted by various toxic contaminants. Co-infections of bacterial, viral and parasite
pathogens have been documented in both adult and young fish suggesting
immunosuppression. To better understand the risk factors associated with these fish
health issues, functional immune assays were developed. Adult bass were collected from
two sites with different land use (forested versus agricultural). At both sites some level of
immunosuppression was noted when compared to laboratory-reared bass. Histopathology
of the wild bass indicated the presence of parasites and various inflammatory lesions.
These results indicate immune function assays may add important information to fish
health assessments, however, need to be used in conjunction with other lines of evidence
to help inform managers on relationships among land use, contaminants and wild fish

health.
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Introduction

Fish health is routinely monitored because fish are widely used as an indicator
species for environmental pollution of our rivers and streams (Schmitt et al. 1999). When
fish health is adversely affected, it is an indicator that the aquatic ecosystem is not
completely healthy. The aquatic environment is often a cocktail of chemical and
biological contamination, where pollution becomes exacerbated by events like
agricultural and storm water runoff which allow bacteria, nutrients, and synthetic
chemicals from the land to enter aquatic communities (Mayes 2013). Wastewater
treatment effluent or agricultural runoff include nutrients, hormones, pharmaceuticals,
personal care products, and other compounds (Thorpe et al. 2005). Due to the elevated
levels of pollution found in our freshwater ecosystems, biological monitoring for adverse
effects has become an effective way of measuring the cumulative effects to ecological
communities and field studies of fish health are an important aspect in this monitoring
(Meador et al. 1993; Schmitt et al. 1999; Ekman et al. 2013).

Health problems in wild fishes in the Chesapeake Bay watershed and elsewhere,
including fish kills and a high prevalence of visible lesions, concern management
agencies as well as the public (Figures 1-3; Blazer et al. 2010; Blazer et al. 2014; Blazer
et al. 2017). Fish kills can also have a negative impact on the economy. For example,
following one of the major fish kill events in the Chesapeake Bay watershed, fishing was
interrupted for more than 2,000 licensed anglers and caused the area to suffer about
$700,000 in losses during 2005 (Papadakis 2006). Fish kill events and visible lesions
affect many wild fish species as is shown in Figures 1-3, but this study will focus on

smallmouth bass Micropterus dolomieu.
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Figure 1. Examples from Blazer et al. 2010 depicting various gross lesions observed
during mortalities in the Potomac River drainage: (A) raised, pale lesions (arrows) on
the body surface and fins of a SMB, (B) small, raised, pale to reddened areas with
epidermal erosion (arrow) on the lateral body surface of a redbreast sunfish, (C) large,
reddened area on the body surface (arrow) of a SMB, (D) area of epidermal and dermal
ulceration and necrosis with a reddened margin (arrow) on the lateral surface of a
bluegill, (E) a deep eroded area extending into the underlying muscle (arrow) of a SMB,
and (F) pale areas with patches of fungal hyphae (arrows) on the skin of a SMB (Blazer
et al. 2010).
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Figure 2. Melanomas observed in brown bullhead from Lake Memphremagog,
Vermont during summer 2015 field sampling (V. Blazer unpublished data): (A)
raised melanomas on side of body surface (B) raised melanoma covering bottom lip (C)
raised melanoma behind eye (D) melanomas in muscle tissue.
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Figure 3. Examples from Blazer et al. 2017 depicting visible lesions/tumors observed
on white sucker from Lake Michigan: (A) Slightly raised lip lesion (arrow), (B)
Multiple, large, irregular, papillomatous lip lesions (arrow), (C) Large, greyish-red,
multilobed body surface lesions (arrows), (D) Large, irregular, raised, pedunculated
lesion (black arrow) and smaller pale, raised lesions (white arrowheads) on the body
(Blazer et al. 2017).

Smallmouth bass in the Chesapeake Bay watershed

Smallmouth bass (SMB) are one of the more sensitive species to environmental
conditions (Brown et al. 2009). They are a member of the sunfish family Centrarchidae
and belong to the class Actinopterygii (ray-finned fishes), which are the most advanced
of the bony fishes (Fofonoff et al. 2003; Brown et al. 2009). Within the class

Actinopterygii, SMB belong to the Teleostei infraclass, the largest group of fishes, and



are referred to as a teleost species because they possess a movable jaw bone (Fofonoff et
al. 2003; Brown et al. 2009). SMB are a freshwater species that live in the littoral zone of
cool water streams and margins of clear water lakes (Scott and Crossman 1973; Page and
Burr 1991; Brewer and Orth 2015), where the water temperature remains around 17-20
°C. Growth becomes restricted at 22 °C and temperatures greater than this have even
shown displacement of smallmouth bass with largemouth bass Micropterus salmoides
(Zweifel et al. 1999). SMB are a carnivorous, pelagic species native to the Mississippi
River basin and Great Lakes (Scott and Crossman 1973; Page and Burr 1991; Stark and
Echelle 1998).

Regarded as a desirable game fish, SMB have been extensively stocked within
and outside their native range, including the Potomac (Smith 1907; Goldsborough and
Clark 1908) and Susquehanna River basins (Jackson 2002). SMB were stocked in the
Potomac River system from a native founding population in the Ohio River Basin, near
Wheeling, WV (Smith 1907; Goldsborough and Clark 1908) and later introduced to the
Susquehanna River system around 1870 using stock from the Potomac River in West
Virginia (Milner 1874; Stillwell et al. 1895). Since being introduced in the 19" century,
SMB have become one of the most abundant top predators in the Potomac and
Susquehanna River basins (Jenkins and Burkhead 1994; Fofonoff et al. 2003; Borden and
Stepien 2006).

The Potomac and Susquehanna Rivers are part of the Chesapeake Bay watershed
along the Eastern Coast of the United States. The Chesapeake Bay is considered to have a
warm temperate climate with highest precipitation in the summer (June-August) and

lowest in the fall (September-November; Willard et al. 2015). Streamflow in this area is



highest between January and May (Willard et al. 2015). The health of this watershed is
extremely important, as it is the largest estuary in North America and extends to over
64,000 square miles or 166,000 square kilometers (Beegle 2013; Phillips et al. 2015;
Willard et al. 2015). The Chesapeake Bay watershed takes up almost 12,000 miles of
shoreline, includes 150 major rivers and streams, provides spawning grounds for
important species such as striped bass and blue crab, and provides homes to over 17
million people and over 3,600 species of wildlife and plants (Phillips et al. 2015). The
economic value of this watershed is predicted to be $100 billion a year considering the
annual seafood harvest, agricultural production, tourism and recreation it brings to the
area (Phillips et al. 2015). The SMB fishery alone brings thousands of jobs and millions
of dollars each year to all four states it encompasses: Pennsylvania, Maryland, Virginia,
and West Virginia (Pelton et al. 2013).

Health of the Chesapeake Bay has been a concern for many years beginning with
the first study in the early 1970s (Jaworski et al. 1971). Agricultural sources are a main
contributor to pollution in the Bay, but despite efforts to improve on-farm nutrient
management, nutrient loads have still been increasing in some areas (Beegle 2013;
Paolisso et al. 2015). For these reasons, monitoring fish health in this watershed,
especially for popular sport and recreational fish such as SMB, is an essential priority.

The Potomac and Susquehanna Rivers, both tributaries to the Chesapeake Bay,
are sites where SMB have suffered major fish kills, disease, and sexual abnormalities,
with reports beginning in spring 2002 for adults (Potomac; Blazer et al. 2010) and early
summer 2005 for young of the year (Susquehanna; Chaplin et al. 2009; Smith et al.

2015). Previous fish health investigations have indicated SMB from both Potomac and



Susquehanna River basins to have a variety of bacterial infections, heavy parasite loads
and sometimes viral and fungal infections (Chaplin et al. 2009; Blazer et al. 2010; Walsh
et al. 2012; Blazer et al. 2014; Smith et al. 2015), but this study will focus on the
Susquehanna River basin.

In the Susquehanna, young of the year (YOY) SMB have suffered disease related
fish kill events in 2005, 2007, 2008 and also in 2006 and 2009 although to a lesser extent
(Smith 2010). Figure 4 shows examples of visible lesions observed during investigations
of the mortalities (Starliper et al. 2013). Investigations have found bacterial pathogens
Flavobacterium columnare (Chaplin et al. 2009), Pseudomonas aeruginosa (Smith et al.
2015), and motile Aeromonas species (Starliper et al. 2013), parasites Myxobolus
inornatus (Walsh et al. 2012) and trematode metacercariae (Smith 2010), as well as
largemouth bass virus (Starliper et al. 2013). Reproductive endocrine disruption seen in
the form of intersex and testicular oocytes in adult male fish has also been elevated in
SMB and correlated to agricultural chemicals in the Susquehanna River basin (Blazer et
al. 2014).

These observations lead to two main hypotheses: (1) SMB in the Susquehanna
River basin are immunosuppressed, causing them to be susceptible to many opportunistic
pathogens and (2) land use, particularly exposure to agricultural chemicals, affects
immune function in SMB. Increasing evidence supports a link between the endocrine and
immune system in fish (Weyts et al. 1999; lwanowicz and Ottinger 2009; Casanova-
Nakayama et al. 2011; Milla et al. 2011), so it is possible that the same chemicals or

stressors contributing to intersex may also be contributing to immunosuppression.



Figure 4. Examples from Starliper et al. 2013 depicting visible lesions observed on
smallmouth bass sampled from various sites on the Susquehanna River: (A) Large
area of extensive necrosis on side of body, (B) Severe necrotic lesion with a wide margin
covering a large portion of the side, (C) Discoloration, scale loss and minor tissue
necrosis on caudal peduncle (Starliper et al. 2013).

If these hypotheses are true, it is predicted that SMB collected at a highly
disturbed agricultural site within the Susquehanna River basin will have a different
immune response than at a less disturbed site. The main objective of my study was to
develop and assess techniques to evaluate immune function in wild SMB. Validation of
the techniques was achieved by comparing a) two sites with different land use and

potential contaminant exposures and b) wild to laboratory-reared fish.



Fish immunology

Studying immune function in wild fish populations provides one method for
determining health of the fish by providing information on how well a fish will respond
to infectious disease. The primary line of defense in the immunity of teleost fishes is their
mucosal body surface, where invaders can first be effectively blocked or neutralized
(Hoar et al. 1997). Then, resistance to disease involves many aspects of both the innate
and adaptive immune system — both cellular and humoral defenses (Hoar et al. 1997).
The cells involved in the innate, or nonspecific, immune system of teleost species are
very similar to higher vertebrates with the principal cells involved being neutrophils and
macrophages (Secombes 1996; Ellis 1999). Other granulocytes (eosinophils, basophils)
and nonspecific cytotoxic cells (NCCs; equivalent to mammalian natural killer cells) are
also involved in the nonspecific immune response (Hoar et al. 1997). Innate humoral
responses are led by protein or glycoprotein substances in the serum, mucus, and eggs of
fish (Hoar et al. 1997). The importance of these innate responses is their lack of
specificity; however, the innate cells lack memory that would allow them to respond
quicker to pathogens upon subsequent exposure as in the adaptive immune response.

The primary cells involved in the adaptive immune response in teleosts are T and
B lymphocytes (Hoar et al. 1997). Soluble factors called cytokines regulate or enhance
adaptive immunity by mediating interactions between immune cells (Hoar et al. 1997). In
humoral adaptive immunity, B-lymphocytes respond to antigens with specific antibodies
and form memory cells to remember antigens they have already encountered (Hoar et al.

1997). The importance of the adaptive response is the memory capability. Due to the B-



lymphocytes’ ability to recognize specific antigens, antibodies can be produced quicker
in future infections leading to more efficiency in the immune response.

The majority of immune function studies conducted with fish utilize laboratory
reared fish held under defined conditions. Unfortunately, that does not mimic the real-
world environmental conditions to which fish are exposed. A number of studies have
successfully used methods for detecting and comparing immunomodulation in wild fishes
(Harms et al. 2000; Gauthier et al. 2003; Iwanowicz et al. 2012), including a few studies
that have utilized SMB (Anderson et al. 1997; Ripley et al. 2008). The assays chosen
include bactericidal killing ability, respiratory burst activity and mitogen-induced
leukocyte proliferating ability.

The bactericidal assay detects how well leukocytes are able to kill or inactivate
pathogens by exposing the cells to bacteria and measuring the percentage of bacteria
killed. Both bactericidal and respiratory burst activity address adherent cell (macrophage)
function (Iwanowicz et al. 2012). The respiratory burst assay measures production of
reactive oxygen species (ROS) in adherent cells. Producing ROS is a mechanism within
phagocytic cells (primarily macrophages and neutrophils) for killing bacteria and other
organisms that have been engulfed (Ellis 1999). ROS are produced when phagocytes
containing many hydrolytic enzymes are activated by phagocytosis (Ellis 1999). ROS can
also be released from phagocytic cells and aid in destruction of tumor cells, certain
parasites, natural killer activity, and selected targets in antibody-dependent cellular
cytotoxicity; and have been found to induce cytogenetic changes in cultured mammalian
cells (reviewed by Zoschke and Messner 1984). Measuring ROS production is most often

used as an indicator of the innate immune system, as phagocytosis has been highly
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correlated with elevated oxygen consumption in mammals (Baldridge and Gerard 1932;
Biller-Takahashi et al. 2013), as well as increased cytokine release and inflammatory
response in fish (Neumann et al. 2000; Rieger et al. 2010; Biller-Takahashi et al. 2013).
However, in addition to their role as antimicrobial defenders of the innate immune
system, there is also evidence that ROS play a role in the adaptive immune response.

Multiple studies have shown that T lymphocytes can produce ROS with activating
stimuli to the T cell receptor (TCR; reviewed by Williams and Kwon 2004). ROS
production in activated T lymphocytes has been found to help regulate protein kinase
activation, gene expression, and/or cell proliferation/transformation (Williams and Kwon
2004). Although there is conflicting evidence on the exact roles of ROS in T lymphocyte
function, it is clear that a balance of ROS is needed for proper activation of lymphocytes
(Williams and Kwon 2004). In both innate and adaptive immunity, antioxidants scavenge
excessively produced ROS and any imbalances between these (antioxidants and ROS)
can be damaging to cells (Poljsak et al. 2013). An antioxidant is any substance (including
antioxidant enzymes and non-enzymatic compounds) that delays, prevents, or removes
oxidative damage (Halliwell and Gutteridge 2007).

A complication in evaluating the respiratory burst and ROS production as a
killing mechanism is that free radicals and other ROS are produced in a wide range of
physiological processes. They are also produced by UV radiation and from the
metabolism of xenobiotics (Winterbourn 2008). Hence, ROS can act as secondary
messengers in intracellular signaling (beneficial role) but can also cause damage.

Oxidative stress and potentially pathology occurs when the antioxidant status is

11



overwhelmed. Exposure to many environmental stressors can induce oxidative stress in
aquatic organisms (Valavanidis et al. 2006; Lushchak 2011).

A measure of background ROS in anterior kidney cells from wild fish provides
information on the oxidation status of the cells in regards to environmental factors versus
in vitro stimulation, meaning it provides a measurement of what the cells were
experiencing in the field at the time of collection. Lipopolysaccharide (LPS) and phorbol
12-myristate 13-acetate (PMA) are stimulants commonly used to induce respiratory burst
in cells in vitro (Zoschke and Messner 1984; Ripley et al. 2008). Stimulating cells in vitro
gives a measure of how inducible the cells are relative to their oxidation status from the
environment. LPS was selected as the stimulant for this study because it more closely
resembles a bacterial encounter (lwanowicz et al. 2012).

The mitogen-induced proliferation assay measures cell proliferation in response to
specific mitogens, which can provide a functional assessment of leukocytes in regards to
various pathogens (Ahmed et al. 1994). Mitogen stimulation evaluates the ability of
lymphocytes in the adaptive immune response (B and T cells) to respond to pathogens.
Different mitogens are utilized to stimulate different subsets of lymphocytes.
Concanavalin A (Con A) and phytohaemagglutinin (PHAP) are used to stimulate T cells,
while lipopolysaccharide (LPS) is used to stimulate B cells (Hoar et al. 1997). Response
of fish leukocytes to mitogenic stimulation has been found to be influenced by oxidative
stress caused by a number of environmental factors including heavy metals (Zelikoff
1993; O'Halloran et al. 1998), pesticides (Dunier and Siwicki 1993), and other

immunotoxins such as the hormones cortisol (Ellsaesser and Clem 1987; Tripp et al.
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1987; Wang and Belosevic 1994; Espelid et al. 1996) and estradiol (Wang and Belosevic

1994).

Mitogenesis methods development

One aspect of my research was developing a method for measuring mitogenesis of
smallmouth bass leukocytes with image-based flow cytometry. For the measurement of
mitogenesis, one of the most important assay design considerations is the detection
strategy, including the compound used to detect cell proliferation and the diagnostic
technology used to analyze the results. Several techniques have been adapted for
quantification of cell proliferation in mammals involving both colorimetric and
radioactive detection strategies as well as indirect versus direct measurement (Mosmann
1983; Wagner et al. 1999; Gauthier et al. 2003). Adaptations to some of these methods
have been developed for fish leukocytes (Daly et al. 1995; Gauthier et al. 2003).

The simplest method for detecting mitogenesis in cells involves the indirect
incorporation of the tetrazolium salts MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) or XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide inner salt), where both salts are reduced by mitochondrial
dehydrogenases in live cells into a pigment that can be measured with a microplate
absorbance reader (Mosmann 1983; Wagner et al. 1999; Gauthier et al. 2003). The MTT
method was introduced in 1983 for mammalian cell lines (Mosmann 1983) and was later
adapted to brook trout (Daly et al. 1995). Tetrazolium salt incorporation provides a rapid
and large scale assay, but it is of limited accuracy because it does not directly measure
DNA synthesis. Rather it measures metabolic activity as the salts are reduced by

NAD(P)H-dependent cellular oxidoreductase enzymes (Mosmann 1983).
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A more accurate method of proliferation analysis involves direct measurement of
DNA synthesis. This was originally performed through incorporation of the radioactive
nucleoside methyl-*H-thymidine (tritiated thymidine) into new strands of chromosomal
DNA during mitotic cell division followed by cell lysate filtration and quantification of
radioactivity in DNA recovered from the cells through autoradiography or scintillation
techniques (Wagner et al. 1999; Gauthier et al. 2003; Haugland 2005; Salic and
Mitchison 2008; Cavanagh et al. 2011). Although this method is reliable and sensitive,
detection of incorporated tritiated thymidine in DNA of replicating cells requires
specialized equipment and produces radioactive waste that not all laboratories are
equipped to manage (Wagner et al. 1999; Gauthier et al. 2003). Detection by
autoradiography has also proven to be labor intensive and slow to detect (several
months), thus not suitable for high-throughput studies (Salic and Mitchison 2008).

More recently developed methods for detecting mitogenesis have eliminated the
need for radioisotopes, through incorporation of a thymidine analog, either BrdU (5°-
bromo-2’-deoxyuridine) or EAU (5-ethynyl-2’-deoxyuridine), directly into newly
synthesized DNA (Wagner et al. 1999; Haugland 2005). BrdU incorporation methods are
based on anti-BrdU antibody detection (Gratzner 1982). Exposing the incorporated BrdU
epitope requires denaturation of DNA and permeabilization of cell membranes, resulting
in tissue damage and degradation of most protein epitopes (Wagner et al. 1999; Salic and
Mitchison 2008; Cavanagh et al. 2011). BrdU incorporation is more efficient than
tritiated thymidine, but detection still lasts several hours and compromises structural

integrity of the cell (Salic and Mitchison 2008).
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Incorporation of EdU has been introduced as an alternative to the BrdU assay
because the technique is simple, rapid and sensitive but does not require destruction of
cell structure (Salic and Mitchison 2008). Detection remains highly sensitive but is much
faster than BrdU (30 minutes vs. several hours) and does not require DNA denaturation
for the detection reagent to gain access to the DNA (Salic and Mitchison 2008). Standard
aldehyde-based fixation and detergent permeabilization are sufficient for detection of
EdU incorporation (Salic and Mitchison 2008; Cavanagh et al. 2011). Detection is based
on click chemistry or Huisgen’s 1,3-dipolar cycloaddition, a copper catalyzed covalent
reaction between an azide (coupled to fluorescent dye) and an alkyne (ethynyl moiety of
EdU; Salic and Mitchison 2008; Cavanagh et al. 2011). One advantage to this method is
that incorporated EdU has been found to be very stable, allowing fixed cells to be stained
months later without a loss of signal (Salic and Mitchison 2008). Also because cell
structure is not compromised, the EdU method (unlike BrdU) allows for multiparameter
downstream analysis in image-based flow cytometry (Cappella et al. 2008).

In this study, I utilized the EAU methodology to detect mitogenesis (S phase cells)
in smallmouth bass leukocyte populations and analyze those populations in image-based
flow cytometry for identification and characterization of subpopulations based on cell
size and morphology. Compared to standard flow cytometry, image-based flow
cytometry has introduced identification of objects based on a collection of real multicolor
images for individual cells (vs. side/front scatter) with high spatial resolution and high
fluorescence sensitivity, helping to avoid artifacts and false positives during analysis
(Basiji et al. 2007; Zuba-Surma and Ratajczak 2011). Although standard flow cytometry

provides important quantitative information about cells based on their fluorescence, it
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does not provide details on the location of fluorescent signals or cellular morphology
(Zuba-Surma and Ratajczak 2011).

Image-based flow cytometry fully integrates the advanced capabilities of both
standard flow cytometry (i.e. statistical power, fluorescence sensitivity, speed, and
phenotyping abilities) and fluorescence microscopy (i.e. detailed imagery, spatial
resolution, quantitative morphology, and functional insight) with extended digital
imaging analysis software, called IDEAS® (Basiji et al. 2007; Zuba-Surma and Ratajczak
2011). This software can analyze over 40 quantitative features per image, including
fluorescence intensity, cell size, shape, texture, shape changes, location of probes within,
on or between cells, and co-localization of multiple probes for individual cells or selected
subpopulations (Basiji et al. 2007; Zuba-Surma and Ratajczak 2011). While multiple
applications of image-based flow cytometry have been established by several studies and
the list of publications is still growing (reviewed by Zuba-Surma and Ratajczak 2011),
the availability of methods developed for investigating piscine leukocytes with image-
based cytometry are limited although methods have been developed for standard flow
cytometry (Sizemore et al. 1984; Lin et al. 1999; Scharsack et al. 2001).

Scientists have been performing health surveys of smallmouth bass in the
Chesapeake Bay region for many years; however, health of the immune system on the
cellular level has not been a routine part of their investigations. My research was
designed to assess the validity of using immune function assays to evaluate
immunosuppressive mechanisms that could be contributing to the mortalities and disease

experienced by SMB in the Susquehanna River. The objectives of this thesis were to:
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1. Provide biological endpoints that can be used to assess immune function and more
comprehensively understand fish health in the study area.

2. Determine the feasibility and utility of immune function assays on wild
smallmouth bass using anterior kidney (AK) tissue collected in the field to
perform the three immune function assays mentioned above (bactericidal,
respiratory burst, and mitogenesis). This was done at two sites (one within the
Susquehanna basin and one out-of-basin) with varying land use and compared to
smallmouth bass raised in the laboratory.

3. Develop and evaluate an image-based flow cytometry mitogenesis method that
could be used for smallmouth bass leukocytes.

This study was initiated as part of a larger USGS collaborative study to
understand endocrine disruptors, other chemicals of emerging concern and their effects
on fish in the Chesapeake Bay watershed. The comparison of responses in bass collected
from a site in the Susquehanna to an out-of-basin site plus laboratory fish provides an
assessment of the utility of immune function assays.

Based on previous research, there is a need for integration of immune function
research with previous bacteriological, virological, parasitological, and histopathological
reports made on SMB collected during and prior to the mortality events in both the
Susquehanna and Potomac River basins. Integrating studies of immune function with
pathogen identification, pathological responses, water quality analyses, tissue
contaminant concentrations, and land use assessments will allow for a better
understanding of the causes and risk factors contributing to the skin lesions and disease

(adults/YOY) and mortality events (YOY) observed in SMB from the Susquehanna. This
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integration will play a significant part in reporting on the overall health of the

Chesapeake Bay watershed.
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Methods

Site description

Three sampling sites were chosen for this study: Upper Juniata River (40.56082,
-78.0694), Tionesta Lake (41.4753121, -79.438331), and USGS Fish Health Research
Laboratory in Kearneysville, WV. The two wild fish sites were chosen based on land use
(Table 1), previous fish health issues, and river basin location (Figure 5). The laboratory
fish were obtained from a commercial source as young-of-year and maintained in spring
water at the USGS Fish Health Research Laboratory, Kearneysville, WV.

The Upper Juniata (JUP) site is located within the Susquehanna River basin where
YOY SMB have suffered high prevalences of fish kills, skin lesions, and disease over the
last two decades (Chaplin et al. 2009; Blazer et al. 2010; Walsh et al. 2012; Blazer et al.
2014; Smith et al. 2015). The Juniata River is the second largest tributary to the
Susquehanna River. It forms at the confluence of Frankstown Branch and Little Juniata
River in central Pennsylvania and empties into the mainstem Susquehanna in
southeastern Pennsylvania. Land cover upstream from JUP is a mix of forested,
agricultural, and developed (Table 1a).

Tionesta Lake (TL) is the out-of-basin site for this study located in the Ohio River
basin. Tionesta Lake in northwest Pennsylvania is a US Army Corps of Engineers owned
impoundment built as flood control for the Allegheny and upper Ohio Rivers. The lake
empties into the Allegheny River by the Tionesta Dam. Tionesta Lake is located on the
southwestern edge of the Alleghany National Forest. Land cover upstream from the
Tionesta Lake sampling site is largely forested (Table 1a). Additional land use

descriptions upstream of both sites (JUP and TL) are displayed in Table 1b.
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Table 1a-b. Land use in upstream drainage area of each sampling site. GIS land
cover data (Stephanie Gordon, USGS, personal communication) was collected from
National Land Cover Database 2011.

(a) Percent land cover in upstream drainage area. Upstream drainage area = total
upstream cumulative drainage area at the downstream end of the National Hydrography
Dataset (NHD) Flowline feature in ArcGIS (Esri, Redlands, CA).

Percent Land Cover in Upstream Drainage Area

Upstream
. drainage .
Site area Cultivated | Developed | Forested | Herbaceous | Shrub | Water | Wetland
(km?)
Upper 1024.189 23.6 12.0 63.7 011| 002| 037 0.002
Juniata
[;?(ge“a 1235.941 24 2.0 85.3 085| 6.78| 033 233

(b) Additional land use descriptions. Population density is from 2010 census block data
for the National Hydrography Dataset (NHD, Plus Version 2) Flowline catchment in
ArcGIS (Esri, Redlands, CA). All counts are upstream totals per catchment. Pesticides
applied were >99% herbicides at both sites. NA = data not available.

Population | Impervious Total Total
pu P .~ | concentrated pesticide .
density coveragein | . o applied Active
Site (upstream | upstream - Landfills septic
: feeding (kg) g
total per drainage operations 2001- facilities
catchment) | area (%) (CAFOs) 2015
Upper
Juniata 2606 3.07 8959 3 353548 58
Tionesta | 2 0.21 NA NA 9345 NA
Lake
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Figure 5. Map displaying sampling locations. TL = Tionesta Lake, JUP = Upper
Juniata River, Lab = USGS Fish Health Research Laboratory in Kearneysville, WV.
Yellow = Susquehanna River basin.

Field sampling

All sampling methods were modified from Schmitt et al. (1999). At each site,
attempts were made to collect 20 adult smallmouth bass by boat electrofishing in May
2016. All captured fish were placed immediately in a live well to be necropsied on site.
Fish were euthanized with an overdose of tricaine methanesulfonate (MS-222). The fish
were then weighed and bled from the caudal vessels. Length, weight, and any visible
abnormalities, both external and internal, were recorded for all individuals. Anterior
kidney was excised using aseptic technique and placed in 10 ml of cold L-15 media
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supplemented with 290 pug ml™ L-Glutamine, 10 units ml™ sodium heparin, 100 units mI™
penicillin, 100 pg ml™ streptomycin, and 2% fetal bovine serum (FBS, Hyclone (GE Life
Sciences), Characterized, U.S. origin; supplement media designated L-15/2%). Tissues in
L-15/2% were homogenized into a single cell suspension using a sterile, manual
Tenbroeck tissue grinder. The cell suspension for each fish was returned to the original
sample tube and kept on ice. Spleen tissue was taken for histology. Samples were
transported to the lab for next day processing and kept at 4 °C overnight prior to
leukocyte isolation (12-16 h holding time). All procedures in the lab were performed

using sterile technique in a biological safety cabinet.

Lab fish care

Age-0 smallmouth bass were obtained from Schultz’s Fish Hatchery (Lake Ariel,
PA) in November 2016. Fish were housed indoors at the USGS Fish Health Research
Laboratory (Kearneysville, WV) in 1287 L circular tanks (n = 100 per tank initial
density). Tanks were supplied with flow-through spring water heated to an in-tank
temperature of 20°C using a heat exchanger located outside the holding facility. Total
tank-volume replacement occurred about four times daily (4 L/min). Tank illumination
was provided by a combination of natural and fluorescent light with photoperiod
matching natural light supply. Fish were initially fed small (~ 1 g) fathead minnows
(Pimephales promelas) supplied by Schultz’s Fish Hatchery and obtained at the same
time as the smallmouth bass. Subsequent supplies of small fathead minnows were
obtained from Anderson Minnows (Lonoke, AR). The bass were transitioned to age-0
rainbow trout (Onchorhynchus mykiss; surplus stock, USDA National Center for Cool

and Coldwater Aquaculture, Kearneysville, WV) as they became willing to accept the
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larger prey. Target feed rates were approximately 4% body weight per day. Actual feed
rates varied as a result of size differences in individual bass as well as differences in
individual feeding performance. Feed rates for individual smallmouth bass were not
determined. Fish were acclimated to holding conditions and feeding regime for a

minimum of 6 months prior to sampling. Lab sampling occurred in May 2017.

Leukocyte isolation

Anterior kidney leukocytes were isolated following a procedure modified from
Sharp et al. (1991). Cell suspensions were pelleted by centrifugation at 500 RCF and 4 °C
for 10 min, then washed 3x by suspension in 10 ml L-15/2%, centrifuging as above
between each wash. Following wash steps, cells were resupended in 6 ml of L-15/2%,
passed through a 70 pum cell strainer to remove clumps or clots, and then layered onto 6
ml of 32% Percoll concentration in Hanks balanced salt solution (HBSS) without phenol
red in 15 ml centrifuge tubes. Percoll tubes were centrifuged at 4 °C for the time and
force appropriate for the taxa (Centrarchidae — 45 min at 500 RCF). Leukocytes were
removed from the Percoll interface and pelleted by centrifugation at 500 RCF and 4 °C
for 10 min. Isolated leukocytes were washed 1x as above and resuspended in 10 ml of L-
15/2% for counting. Total numbers of viable leukocytes were determined by trypan blue
exclusion using the Countess™ II automated cell counter (ThermoFisher, Pittsburgh,
PA). Countess™ II viable-cell counts were optimized for smallmouth bass leukocytes
prior to use in this study. Final instrument settings were validated using parallel cell
counts from a propidium iodide exclusion assay with data acquisition performed using
the Amnis FlowSight® (MilliporeSigma, Billerica, MA) image-based flow cytometer

(data not shown).
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Following isolation, leukocytes were resuspended at 2 x 10 cells ml™ in culture
medium (CM; L-15 media containing 290 pg ml™ L-glutamine, 100 U mlI™* penicillin,
100 pg ml™ streptomycin, and 5% FBS; L-15/5% P/S) for plating mitogenesis assay or
adherence medium (AM; L-15 media containing 290 pg ml™ L-glutamine, 100 U ml*
penicillin, 100 pg ml™ streptomycin, and 0.1% FBS; L-15/0.1% P/S) for plating
bactericidal and respiratory burst assays (Figure 6). Bactericidal and respiratory burst
assays were plated simultaneously followed by plating of mitogenesis assay. Unless
otherwise noted, all incubations for immune function assays were performed in an open
zip-lock plastic bag lined with paper towel saturated with deionized water (humidified
container) at 17 °C. In May 2017, cell yield from lab fish was significantly less than from
the field, so assays for lab fish were ran in 384-well tissue culture plates rather than 96-

well plates. Media amounts were divided by 4, but all concentrations remained the same.
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Immune Cell Functional Assays

Remove anterior kidney
Leukocyte isolation
Cell counts — resuspend @ 2 X 10” cells

/ l \ Plate for respiratory burst assay

Plate for mitogenesis, add

mitogens Plate for bactericidal assay
Exchange media
Add EdU Exchange media
Remove media and wash to
Remove media and wash 1X Remove media and wash to remove antibiotics
remove antibiotics
Fix cells l, Add LPS
Add bacteria
Remove media and wash 1X ‘1, Add CellROX® Deep Red
Lyse cells Reagent
Add rxn cocktail
Serial dilutions Remove media and wash 3X
Remove media and wash 1X
Plate on TSA Resuspend in BSA

Resuspend in BSA

Figure 6. Methods flow chart. Following isolation and resuspension of leukocytes, cells
were plated for three immune cell functional assays. Bactericidal and respiratory burst
were plated simultaneously with cells suspended in adherence medium (L-15/0.1% P/S).
Cells were then centrifuged; adherence medium was removed and cells were resuspended
in culture medium (L-15/5% P/S) before plating mitogenesis assay.

Adherent cell (macrophage) bactericidal assay

Following leukocyte isolation, functional assessment of adherent AK leukocytes
to kill the motile Aeromonas species A. sobria was determined using a procedure
modified from Harms et al. (2000). In short, 2 x 10 viable cells mI™* in AM (L-15/0.1%
P/S) were added in quadruplicate to a 96-well tissue culture plate for the bacterial

challenge and in triplicate on the same plate for counting adherent cell enumeration (see
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plate layout, Figure 7). After 2 hours at 17 °C incubation, media was removed from all
wells to remove non-adherent cells and replaced with CM (L-15/5% P/S). Cells were then
cultured for 36 hours in a humidified container to allow activated leukocytes to reach a
resting state before adding bacteria cultures. Following 36 h incubation, wells were
washed to remove antibiotics prior to the addition of bacteria. A 48 h culture of A. sobria
was added at 25 pl well™ to treatment wells and a row of cell-free control wells, leaving
some wells bacteria-free and available for counting adherent cell enumeration (see plate
layout, Figure 7). After the addition of bacteria, the plate was returned to the humidified
container in the 17 °C incubator for 4 h incubation. After 4 hours, media was removed
from the treatment wells and replaced with 50 ul well™ of lysis buffer. Serial dilutions
were performed for each row A-D and H, plated onto tryptic soy agar (TSA) plates, and
colony-forming units (CFUs) were determined after 24 h incubation. Cell counts were
performed for rows E-G using the Countess™ II automated cell counter (ThermoFisher).

Bactericidal activity was expressed as the percentage CFU reduction and as
corrected CFU reduction. The percentage CFU reduction was achieved using equation 1,
where %CFU; is the total reduction, CFUqeateq IS the mean CFU value for replicate wells
with adherent leukocytes, and CFUcontrol IS the mean CFU value for replicate wells with
media only.

CF Utreated

%CFU,. = (1 -
" CFUcontrol

)*100

Equation 1. Percentage CFU reduction.
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A corrected CFU reduction percentage (%CFU ) was determined using equation 2 by
multiplying percentage CFU reduction by the cell density correction factor, which

accounts for the actual number of adherent cells from each cell source.

%CFU,. = (% CFU reduction)(Cell density correction)

Equation 2. Corrected CFU reduction.

The cell density correction factor is defined in equation 3, where AC; represents the mean

number of adherent cells from replicates in rows E-G.

1

(Acf/ 1% 106)

Equation 3. Cell density correction.

Cell density correction =
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Macrophage Bactericidal Assay - Plate 1

A
A.SOBRIA
B
A.SOBRIA
C
A.SOBRIA
D
A.SOBRIA
E CELL
COUNTS
F CELL
COUNTS
G CELL
COUNTS

Macrophage Bactericidal Assay - Plate 2

A.SOBRIA
B
A.SOBRIA
C
A.SOBRIA
D
A.SOBRIA
E CELL
COUNTS
F CELL
COUNTS
G CELL
COUNTS

Figure 7. Plate layout for macrophage bactericidal activity. Rows A-D are treated
with A. sobria, rows E-G are for counting adherent cell enumeration, and row H is the
bacteria-free control.

Respiratory burst assay

Respiratory burst was determined via the procedures described by Coteur et al.
(2002) and Iwanowicz et al. (2012) with modifications. Respiratory burst was plated at
the same time as the bactericidal assay so incubation times could run simultaneously.
Lipopolysaccharide (LPS) was used as the stimulant in this assay. Isolated leukocytes at 2

x 10" cells mI™ in AM (L-15/0.1% P/S) were added in duplicate to a white 96-well tissue

28



culture plate for the LPS challenge and in duplicate on the same plate for negative
controls containing only media (see plate layout, Figure 8). Alongside the bactericidal
assay, respiratory burst plates were incubated for two hours at 17 °C before removing
media from all wells and replacing with CM (L-15/5% P/S). Cells were then cultured for
36 hours in a humidified container to allow activated leukocytes to reach a resting state
before performing respiratory burst assay. Following 36 h incubation, wells were washed
to remove antibiotics prior to the addition of LPS (100 pg ml™) or media (L-15/5% NO
P/S). Treatments (LPS or media) were added at 25 pl well™. After the addition of LPS or
media, the plate was returned to the humidified container in the 17 °C incubator for 4 h
incubation. After exposing the cells to LPS, extracellular reactive oxygen species (ROS)
in live cells were determined using a CellROX® fluorogenic probe, which exhibits a
strong fluorescent signal in the presence of oxidation.

After 4 hours, CellROX® Deep Red Reagent was added at a final concentration of
5 uM to the cells and incubated for 30 minutes at room temperature protected from light.
After 30 min incubation, well contents were removed and cells were washed three times
with Dulbecco’s phosphate-buffered saline (DPBS). Cells were then preserved by
fixation with 100 pl of 3.7% formaldehyde in DPBS for 15 minutes. The fixative was
removed and 200 ul of 1% BSA in DPBS well™ was added. The fluorescent signal was
analyzed within 2 hours on both the SpectraMax® M4 microplate reader (Molecular
Devices) and the Amnis FlowSight® image-based flow cytometer (MilliporeSigma,

Billerica, MA).
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Respiratory Burst Assay - Plate Layout

1 2 3 4 5 6 7 8 9 10 11 12
A
LPS FISH1 FISH 1 FISH2 FISH 2 FISH3 FISH3 FISH4 FISH4 FISH5 FISHS5 FISH 6 FISH 6
B
LPS FISH7 FISH7 FISH8 FISH8 FISH9 FISH9 FISH10 |FISH10 ([FISH11 |FISH11 [FISH12 |FISH12
C
LPS FISH13 |FISH13 |FISH14 |FISH14 [FISH15 |FISH15 |FISH16 |FISH16 |FISH17 ([FISH17 |FISH18 [FISH 18
D
LPS FISH19 |FISH19 |FISH20 |FISH20

E
MEDIA |FISH1 |FISH1 |FISH2 |FISH2 |FISH3 [FISH3 [FISH4 [FISH4 [FISH5 [FISH5 [FISH6 [FISH6
F
MEDIA |FISH7 |FISH7 |FISH8 |FISH8 |FISH9 [FISH9 [FISH10 |[FISH10 [FISH11 [FISH11 [FISH12 [FISH12
G
MEDIA  |FISH13 |FISH13 |FISH14 |FISH14 |FISH15 |FISH15 |[FISH16 |[FISH16 |[FISH17 [FISH17 [FISH18 [FISH18
H
MEDIA  |FISH19 |FISH19 |FISH20 |FISH20

Figure 8. Plate layout for respiratory burst assay. Rows A-D are treated with LPS and
rows E-H are the negative controls.

Stimulation index (SI) values were used to compare the variation between LPS-
treated and unstimulated (negative control) leukocytes. For data collected using the
microplate reader SI values were calculated based on equation 4, where OD; is the mean
optical density (fluorescence) of replicate wells that were treated with LPS and OD. is the
mean optical density (fluorescence) of the unstimulated negative control leukocytes in
replicate wells.

oD,
oD,

SI =

Equation 4. Stimulation indices for LPS-induced respiratory burst for data collected
with the SpectraMax® M4 microplate reader.

For data collected using the image-based flow cytometer SI values were calculated based
on equations 5a-c. Using data from the pooled replicate of leukocytes from the same fish,
the ratio of positive to negative cells in the stimulated replicate (F;) was divided by the

number of positive to negative cells in unstimulated (negative control) replicate (F).
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5 SI = Fe
a. = FC

ositively fluoresced cells
5b. F, = © v/

negative cells

_ positively fluoresced cells

5¢. F
¢ negative cells

Equation 5a-c. Stimulation indices for LPS-induced respiratory burst for data
collected with the Amnis FlowSight® image-based flow cytometer.

Mitogenesis assay

The mitogen-induced proliferative response was evaluated following the bromo-
deoxyuridine (BrdU) based ELISA procedure from Gauthier et al. (2003) with
modifications. Ethynyl-deoxyuridine (EdU) was used instead of BrdU and the Click-it®
EdU (5-ethynyl-2’-deoxyuridine) Flow Cytometry Assay Kit (Molecular Probes) was
used as an alternative to the second half of the BrdU assay.

Isolated leukocytes at 2 x 10 viable cells mI™ in CM (L-15/5% P/S) were plated
at 50 pl well™ to be treated at 50 pl well ™ with either a mitogen or mitogen-free media
(negative control wells; see plate layout, Figure 9). Working concentrations of mitogens
were prepared as described for the bromo-deoxyuridine (BrdU) based ELISA procedure

from Gauthier (Gauthier et al. 2003).
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Mitogenesis CON A & PHA-P: Plate 1
1 2 3 4 5 6 7 8 9 10 1 12

CONA |FISH1 FISH 1 FISH 2 FISH 2 FISH 3 FISH3 FISH4 FISH 4 FISH 5 FISH5 FISH 6 FISH 6

FISH7 FISH 8 FISH 8 FISH9 FISH9 FISH10 ([FISH10 |FISH11 ([FISH11 [FISH12 |FISH 12

G
H
Mitogenesis CON A & PHA-P: Plate 2
1 2 3 4 5 6 7 8 9 10 1 12

A

CONA [FISH13 [FISH13 [FISH14 |FISH14 |FISH15 |FISH15 |FISH16 |FISH16 |FISH17 |FISH17 |FISH18 |FISH18

B

CONA [FISH19 [FISH19 [FISH20 |FISH 20

Mitogenesis LPS: Plate 1

Figure 9. Plate layouts for mitogenesis assay. Rows A-D are the treated with mitogens
(light blue-Con A, dark blue-PHAP, brown-LPS) and rows E-H are the negative control
leukocytes.
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Mitogens used were concanavalin A (Con A) at 10 ug ml™ (0.25 pg well™ final
concentration), phytohemagglutinin (PHA-P) at 20 pug ml™ (0.5 pg well™ final
concentration), and lipopolysaccharide from E. coli O111:B4 (LPS) at 100 pg ml™ (2.5
ug well* final concentration). Mitogen treated and control wells were replicated in
duplicate in the same plate. After addition of mitogens, plates were incubated in a
humidified container at 17 °C for 24 hours before the addition of EdU. Following 24 h
incubation, twenty-five pl well™ of EdU in unsupplemented L-15 was added (EdU final
concentration = 13 pM well ™) to mitogen treated and control wells. Plates were returned
to humidified container protected from light and incubated an additional 18 h. Total
incubation time with mitogens was 42 h. After 18 h incubation, cell replication was
detected using the Click-iT® EdU (5-ethynyl-2’-deoxyuridine) Flow Cytometry Assay
Kit (Molecular Probes, Eugene, OR) following the manufacturer’s protocol (MP 10419).

Briefly, culture supernatants were removed from all wells and leukocytes were
washed with 100 pul well™ of solution consisting of 1% bovine serum albumin (BSA) in
Dulbecco’s phosphated buffered saline (1% BSA in DPBS). The 1% BSA in DPBS was
removed and replaced with 25 pl well™ of Click-iT® fixative (Component D) for
leukocytes to be fixed at room temperature for 15 min. Fixative was removed and cells
were washed as described above before adding 100 pl well™ of 1X Click-iT® saponin-
based permeabilization and wash reagent (Component E). The DBPS- based Click-iT
reaction cocktail containing Alexa Fluor® 647 azide dye was prepared according to the
manufacturers protocol (MP 10419) and 100 ul well™ was added for labeling
incorporated EdU. Labeling occurred over 30 min at room temperature protected from

light. After labeling, reaction cocktail was removed and cells were washed 1x with 100 pl
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well™ of Click-iT saponin-based permeabilization and wash reagent and then 200 ul well
! of the same reagent was added in preparation for analysis using the Amnis FlowSight®
image-based flow cytometer (MilliporeSigma, Billerica, MA).

For analysis on the flow cytometer, cells from replicate wells were pooled prior to
data acquisition. Instrument settings were as follows: Illlumination — 642 laser at 100.0
mV, 785 laser at 5.00 mV; Fluidics — minimum flow speed. Cell analysis was performed
using IDEAS® version 6.2 (Amnis/MilliporeSigma). Primary gating was performed on
initial cell-image data to isolate individual round cells that were in good focus. This
subset was then divided further to fluorescent positive and negative cells by cell width.
Cell widths considered ranged from 4 to 20 um. Following initial analysis, a template
was created containing the primary and secondary gating. This template was used to
analyze all data sets to provide consistent analytics across samples.

Stimulation index (SI) values were used to compare the variation between
mitogen-treated and unstimulated (negative control) leukocytes by dividing fluorescence
of stimulated cells by fluorescence from unstimulated cells from the same fish.
Calculations were made for data collected using the image based flow cytometer using
equations 5a-c.

In an attempt to validate the cell sizes in my study, I looked at a subpopulation of
cells isolated from a small subset of laboratory-reared fish microscopically during one of
the mitogenesis assay runs. Smears of cell suspensions taken directly from the
mitogenesis plate were made on glass slides and stained with Hema 3™ (FisherScientific,

Hampton, NH) or Giemsa stain (Sigma-Aldrich, St. Louis, MO).
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Statistical analysis

All data were tested for normality using Shapiro Wilkes W test and homogeneity
of variances using Levene’s test. Differences were considered statistically significant
when p < 0.05. Statistical analyses were performed using R (version 3.2.2).
Nonparametric statistical tests were used because sample sizes were small (<30) and data
were not normally distributed. Chi-square (2x2 table) was used to compare histology
(presence, absence data) between the two field sites. Fisher’s exact test was used when
expected counts were below 5. Kruskal-Wallis was used to compare bactericidal activity
and mitogenesis results across multiple categories (i.e. field sites or cell sizes).
Significant results were followed up with post hoc testing using pairwise Wilcoxon rank
sum testing. The Mann-Whitney U test was used to compare respiratory burst results
because there were only two groups to compare (field sites). This test is the
nonparametric equivalent to an independent two sample t-test. All graphs were created

using SPSS version 24 (IBM Analytics, Armonk, NY).
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Results

A total of 72 smallmouth bass were collected from the Upper Juniata River
(n=20), Tionesta Lake (n=12) and the USGS Fish Health Research Laboratory in
Kearneysville, WV (n=40). Wild SMB were collected in May 2016 and the lab SMB
were collected in May 2017. Lab fish were sampled twice because they were smaller and
cell yields were only enough for one immune assay at a time (20 fish for bactericidal
assay and 20 fish for mitogenesis assay). Condition factors were determined for
individual fish. There were no significant differences in condition factors between the

three sites (Figure 10).

36



3.507 %

3.007

2.507

2.007

Condition Factor

1507 °
= =
1,00 - %

| T I
Tionesta Lake Upper Juniata Lab Fish
Sampling Site

Figure 10. Condition factors for smallmouth bass. Determined using Fulton’s
condition factor equation, K = W / L"3, (Nash et al. 2006), where K is Fulton’s
condition factor, W is weight of the fish and L represents length of the fish. Horizontal
bar = median. Box = interquartile (IQ) range which contains the middle 50% of the data.
Error bars extend to highest and lowest values which are no greater than 1.5 times the 1Q
range. Small circle and asterisk indicate outliers not used in the analysis. Small circle =
outlier more than 1.5 times the 1Q range. Asterisk = extreme outlier more than 3 times the

IQ range.

Development of mitogenesis assay

Adaptive immune responses were determined by measuring mitogenesis in
isolated leukocytes from smallmouth bass anterior kidney. Responses to mitogens were
considered positive if the stimulation index was 1.00 or greater. Different concentrations
of EdU were not tested here. Data collected using image-based flow cytometry was

compared to a more classical method (microplate reader) to validate the newer method.
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No differences were seen in stimulation indices between collection methods by

comparing the total population of cells.

Cell population analysis

Analysis of mitogenesis using image-based flow cytometry was separated into
five subgroups of cell sizes based on relative proportions within the total gated
population (2739-9319 cells gated, 27-47% of total population): Total gated (4-20 um),
4-7 um, 7-12 um, 12-15 um, and 15-20 pm (Figure 11). This allowed a more detailed
analysis. Cells between 7 and 12 um were the most abundant out of the total gated

population from all sites.
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Figure 11. Cell size distributions as percentage of the total gated cell population.
Total events captured on the Amnis FlowSight® image-based flow cytometer ranged from
10,000 to 20,000. Total events in focus ranged from 2739 to 9319 cells. Horizontal bar =
median. Box = interquartile (1Q) range which contains the middle 50% of the data. Error
bars extend to highest and lowest values which are no greater than 1.5 times the 1Q range.
Small circle and asterisk indicate outliers not used in the analysis. Small circle = outlier
more than 1.5 times the 1Q range. Asterisk = extreme outlier more than 3 times the 1Q
range.

Lymphocyte proliferation in laboratory-reared fish

Total gated leukocytes from laboratory-reared fish were most sensitive to Con A
and PHAP when compared to LPS (p = 0.007 and p < 0.001, respectively; Figure 12).
The difference in stimulation indices between Con A and PHAP for total gated cells was

not significant (Figure 12).
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Differences in stimulation indices were dependent upon cell size. In laboratory-
reared fish, more positive responses to Con A were seen in the smaller cells and more
positive responses to PHAP were seen in the larger subpopulations of cells. LPS
positively stimulated both the smallest and largest subpopulations. No significant
differences were found between subpopulations in response to Con A, but the smaller
cells (4-12 um) did have more positive responses than the larger cells (12-20 um) as
indicated by the red line in Figure 12. Larger cells (15-20 um) responded significantly
more to PHAP than the smaller cells (4-12 um; p = 0.01). Larger cells (15-20 um) also
responded significantly more to LPS than smaller cells (7-15 um; p < 0.001) and
although not significant, the smallest cell population (4-7 um) did have more positive

responses than 7-15 pum cells as indicated by the red line in Figure 12.
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Figure 12. Laboratory-reared smallmouth bass leukocyte responses to EAU
mitogenesis assay. Displayed are responses for total gated cells (top) and for each
subpopulation (bottom). Fish were sampled in May 2017 from USGS National Fish
Health Research Laboratory in Kearneysville, WV and data were collected on the Amnis
FlowSight® image-based flow cytometer (MilliporeSigma). Mitogenesis was measured
by fluorescence of EAU incorporated into DNA of S phase cells. Red line indicates a
positive stimulation index (SI > 1). Error bars indicate 95% confidence intervals (CI).
Groupings with different letters are significantly different (Kruskal-Wallis and Wilcoxon
rank sum post-hoc test, p < 0.05). No letter indicates no significant differences.
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Total gated cell analysis

In general, the stimulation indices for all mitogens were highest in the lab fish
when compared to wild fish (Figure 13). During May of 2016, the stimulation indices for
all mitogens did not differ significantly among field sampling sites (TL and JUP) when
looking at the total gated cell population (Figure 13). Similar to the lab fish, leukocytes
isolated from SMB collected in the field also showed the most sensitivity to Con A

(Figure 13).
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Figure 13. Smallmouth bass leukocyte mitogenesis responses for the total gated cell
population. Mitogenesis was measured by fluorescence of EdU incorporated into DNA
of S phase cells using the Amnis FlowSight® image-based flow cytometer
(MilliporeSigma). The red line indicates a positive stimulation index (SI >1). Error bars =
95% CI. Sites with different letters are significantly different (Kruskal-Wallis and
Wilcoxon rank sum post-hoc test, p < 0.05). No letter indicates no significant differences.
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Analysis of subpopulations

Comparable to the lab fish, differences in stimulation indices from wild fish were
also dependent upon cell size (Figures 14-16). Leukocytes isolated from SMB collected
at Upper Juniata showed no positive responses to PHAP or LPS when looking at total
gated population (Figure 13), but they do show positive responses to PHAP in the 12-15
um subpopulation (Figure 14). Leukocytes isolated from SMB collected at Tionesta Lake
showed no positive responses to LPS when looking at total gated population (Figure 13),
but they do show positive responses to LPS in the 4-7 um subpopulation (Figure 16).

The highest stimulation indices for T cell mitogens (PHAP and Con A) overall
including lab fish were seen in a large range of cell sizes (7-20 um; Figures 14 and 15,
respectively), while the highest stimulation indices for the B cell mitogen (LPS) overall
were only seen in the smallest (4-7 um) and the largest (15-20 um) cell sizes (Figure 16).

The trends for wild SMB leukocyte responses to PHAP are similar to those of the
lab fish, with larger cells responding more than the smallest cells (Figure 14). Unlike the
lab fish, however, the wild fish collected from Upper Juniata exhibited greatest sensitivity
to PHAP in the 12-15 um subpopulation rather than the 15-20 um subpopulation (Figure
14). Unlike the lab fish, leukocyte responses to Con A in fish collected from Upper
Juniata exhibited an opposite trend with the larger cells showing more sensitivity to Con
A than the smaller cells (Figure 15).

The trends for wild SMB leukocytes in response to LPS are similar to the lab fish
except for the largest subpopulation (15-20 um; Figure 16). Leukocytes from SMB

collected at the Upper Juniata site showed no response to LPS in any subpopulation
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(Figure 16), which is consistent to what is seen in the total gated cell population shown in

Figure 13.
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Figure 14. Smallmouth bass leukocyte mitogenesis responses to PHAP grouped by
cell size. Mitogenesis was measured by fluorescence of EAU incorporated into DNA of S
phase cells using the Amnis FlowSight® image-based flow cytometer (MilliporeSigma).
The red line indicates a positive stimulation index (SI >1). Error bars = 95% CI. Sites
with different letters are significantly different (Kruskal-Wallis and Wilcoxon rank sum
post-hoc test, p < 0.05). No letter indicates no significant differences.
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Figure 15. Smallmouth bass leukocyte mitogenesis responses to Con A grouped by
cell size. Mitogenesis was measured by fluorescence of EAU incorporated into DNA of S
phase cells using the Amnis FlowSight® image-based flow cytometer (MilliporeSigma).
The red line indicates a positive stimulation index (SI >1). Error bars = 95% CI. No
differences among sites.
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Figure 16. Median mitogenesis responses to LPS grouped by cell size. Mitogenesis
was measured by fluorescence of EdU incorporated into DNA of S phase cells using the
Amnis FlowSight® image-based flow cytometer (MilliporeSigma). The red line indicates
a positive stimulation index (S1 >1). Error bars = 95% CI. Sites with different letters are
significantly different (Kruskal-Wallis and Wilcoxon rank sum post-hoc test, p < 0.05).
No letter indicates no significant differences.

Adherent cell (macrophage) function

Nonspecific immune responses were determined by measuring bactericidal and
respiratory burst activity in adherent cells isolated from smallmouth bass anterior kidney.
Bactericidal activity was significantly lower in smallmouth at Tionesta Lake (Mdn = 0%)
during May 2016 compared to smallmouth from the Upper Juniata (Mdn = 4.12%, p =
0.0119) or the lab (Mdn = 26.63%, p = 0.0033). No significant differences were observed

between SMB from the Upper Juniata and the lab fish. Although not significant for the
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Upper Juniata, bactericidal activity was still highest in smallmouth from the lab when
compared to both field sites (Figure 17). Figure 18 microscopically shows macrophages

isolated from laboratory fish engulfing A. sobria.
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Figure 17. Bactericidal activity towards A. sobria. Activity was expressed as the
percentage CFU reduction achieved when SMB leukocytes were exposed to A. sobria
and subsequently plated on tryptic soy agar. Error bars = 95% CI. Sites with different
letters are significantly different (Kruskal-Wallis and Wilcoxon rank sum post-hoc test, p
<0.05).
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Figure 18. Macrophages engulfing A. sobria (arrows). Blood smear collected from
laboratory fish in Kearneysville, WV. Cell suspensions were taken directly from the
bactericidal plate during assay and smeared on glass slides. Hema 3™ stain, bar equals 20

Hm.

Similar results were observed in smallmouth in regards to background ROS
activity. Background ROS was statistically lower at Tionesta Lake (Mdn = 31.44) during
May 2016 compared to Upper Juniata (Mdn = 35.12, p = 0.0036; Figure 19). Bactericidal
activity and background ROS activity in smallmouth collected from Upper Juniata were
negatively associated based on trendline (Figure 20). A Spearman’s rank-order
correlation was run to better determine the relationship in Figure 20 and the results were
significant (rs = -0.491, p = 0.05). No comparison can be made for Tionesta Lake due to

the absence of bactericidal activity at this site.
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Figure 19. Background (unstimulated by LPS) respiratory burst in SMB leukocytes.
Respiratory burst was measured by fluorescence of CellROX® Deep Red Reagent using a
SpectraMax® M4 microplate reader. This measurement represents the total fluorescence
of all cells in each well of a 96-well plate. The fluorescence measured by the microplate
reader is proportional to the amount of ROS produced by the cells. Error bars = 95% CI.
Sites with different letters are significantly different (Mann-Whitney U test, p < 0.05).
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Figure 20. Bactericidal activity relative to background ROS fluorescence in SMB
collected from the Upper Juniata River. Bactericidal activity was determined against
the pathogen Aeromonas sobria. Background ROS fluorescence was measured using the
SpectraMax® M4 microplate reader. Spearman’s rank order correlation, rs = -0.491, p =
0.05.

In regards to LPS-induced respiratory burst activity, no differences were observed
between Tionesta Lake and the Upper Juniata River. LPS did not produce strong ROS
responses in smallmouth bass leukocytes. The median stimulation index for both wild
sites was 1.0, meaning the cells stimulated with LPS did not respond any more than the
cells not stimulated with LPS. No comparisons are made to the lab fish because the

respiratory burst assay was run using a different method for the lab fish.
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Histopathology

The entire anterior kidney was used for the functional assays and so the
microscopic pathology of the spleen was used to identify factors that may modulate the
immune response. No parasites or signs of infectious disease were present in the
laboratory fish with the exception of a few fish which had a nematode free in the
peritoneal cavity. Wild fish from the two sites had very different pathological lesions.
Bass from Tionesta Lake had very few encysted trematodes that appeared to be alive but
did have many granulomas that appeared to contain killed and degenerating parasites
(Figure 21A). Macrophage aggregates were also present (Figure 21A). In some cases,
these granulomas contained no identifiable material (Figure 21B). These granulomas
were often surrounded by epitheloid-appearing macrophages (Figure 21B). Spleen tissue
from bass collected at the Upper Juniata site had granulomas that did not appear to be
parasite-related. Many were small, encysted areas that contained lipofusin or ceroid and
others that contained basophilic material (Figure 21C). There were clusters of these
granulomas often replacing much of the normal spleen tissue and often surrounded by
chronic inflammation (Figure 21C). In addition there were granulomas similar to those
seen in Mycobacterial infections in fish as well as encysted parasites (Figure 21D). The
prevalence of granulomas in the spleen was significantly higher (x*=8.3, p=0.004) in
SMB from the Upper Juniata (12/20 fish) compared to those from Tionesta Lake (1/12
fish). Further studies will be needed to definitively identify the pathogens, parasites or

other factors leading to this response.
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Figure 21. Microscopic pathology observed in smallmouth bass collected from
Tionesta Lake and the upper Juniata River. A. Section of spleen from a Tionesta Lake
bass illustrating granulomas with remnants of helminth parasites (a), probably trematodes
and macrophage aggregates (b). Scale bar equals 50 um. B. Section of spleen from a
Tionesta Lake bass illustrating a granuloma containing unidentified material (a) and one
most likely parasite-related (b). Both are surrounded by macrophages termed epitheliod-
like (arrows). Scale bar equals 50 um. C. Section of spleen from an upper Juniata bass
illustrating an area of multiple granulomas some with yellowish-brown material that is
lipofuscin or ceroid (a) and some that contain unidentified basophilic material (b). In the
parenchyma around this area there is a chronic inflammatory response consisting
primarily of macrophages (arrows). Scale bar equals 50 um. D. Section of a spleen from
an upper Juniata bass illustrating granulomas that do not appear to be parasite-related but
are similar to those observed in response to Mycobacterial infections (a) and a parasite-
associated granuloma (b). Scale bar equals 50 um. Hematoxylin and eosin stain.
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Macrophage aggregates (MA) were quantified in the spleen by counting the total
number present in two 10X fields for each fish from both rivers. MA counts in the spleen
of SMB from the Upper Juniata exhibited a biphasic relationship with background ROS
activity based on insertion of a trendline (Figure 22A). There was a slight negative
association between MA counts in the spleen and background ROS activity in SMB from
Tionesta Lake based on trendline (Figure 22B), but it was not significant by Spearman’s

rank-order correlation.

A. Upper Juniata River B. Tionesta Lake
g 50 50
[=
g 45 ° 45
w
S 40 o0 ® 40 ]
S ° ° R?=0.0508
E 35 s o 35 °
g 30 * ° 30 € ‘§._.‘—.. ° ®
£ 2 25
2 R?=0.2991
s 20 20
o
o 15 15
<
& 10 10
o0
(]
2
Lo
)
g 0 10 20 30 40 50 0 20 40 60
Macrophage Aggregate Counts Macrophage Aggregate Counts

Figure 22. Relative background respiratory burst vs. macrophage aggregate counts
in spleen tissue of SMB. (A) Upper Juniata River and (B) Tionesta Lake. Macrophage
aggregates were quantified histologically by counting the total number present in two
10X fields. Relative background ROS fluorescence (a measure of ROS in cells
unstimulated by LPS) was determined using the SpectraMax® M4 microplate reader.

Parasites were observed in the spleen of SMB from both the Upper Juniata River
and Tionesta Lake. Individual SMB from each site were given a parasite rating, which
ranged from O (not present) to 4 (abundant). Figure 23 shows associations of bactericidal

activity and MA counts with parasite ratings in the spleen of SMB from the Upper
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Juniata River (left) and Tionesta Lake (right). A Spearman’s rank-order correlation was
run to determine the relationships in Figure 23. Although there are slight trends based on
trendline, there were no significant correlations. The relationship between bactericidal
activity and parasite ratings at Tionesta Lake are not shown because bactericidal activity
was 0% for all SMB collected (n=12). Mitogenesis responses in regards to parasite
ratings in the spleen of SMB collected from the Upper Juniata River and Tionesta Lake

are displayed in Figures 24 and 25, respectively.
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Figure 23. Parasite ratings, bactericidal activity, and MA counts in wild SMB. Upper
Juniata River (left) and Tionesta Lake (right). No bactericidal activity is shown for
Tionesta Lake because all activity was 0%. Parasite ratings ranging from 0 (not present)
to 4 (abundant) were determined histologically from spleen tissue. Macrophage
aggregates were quantified histologically by counting the total number present in two
10X fields.
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Figure 24. Upper Juniata median Sl values for (A) Con A, (B) PHAP, and (C) LPS
categorized by splenic parasite rating. The red line represents a positive Sl value of 1
or greater. Error bars = 95% CI. (A) Positive responses to Con A were only seen for
parasite rating of 1 (B) Positive responses to PHAP were only seen for parasite rating of 2
(C) No positive responses to LPS for any parasite rating.
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Figure 25. Tionesta Lake median Sl values for (A) Con A, (B) PHAP, and (C) LPS
categorized by splenic parasite rating. The red line represents a positive Sl value of 1
or greater. Error bars = 95% CI. (A) Responses to Con A were positive for parasite
ratings of 1-3 (B) Responses to PHAP were only positive for parasite ratings of 1 and 3
(C) Responses to LPS were positive for parasite ratings of 1 and 3. There are no error
bars for parasite ratings of 3 or 4 because n=1 for these ratings.
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Discussion

My study primarily focused on developing and assessing the feasibility of
techniques to evaluate immune function in wild smallmouth bass (SMB). The techniques
evaluated included in vitro assays for bactericidal activity, respiratory burst activity and
mitogenesis. Multiple aspects of immune function were tested due to the complexity of
the immune response. The immune network is so elaborate that often a single test is
inadequate for evaluating immune response and therefore; multiple tests are
recommended (Dunier and Siwicki 1993). The immune assays in this study were
evaluated by comparing a) two sites with different surrounding land use and potential
contaminant exposures and b) wild versus lab fish.

Responses to all three assays were decreased in fish collected at both field sites
compared to the lab fish. Responses of the lab fish leukocytes in the EAU mitogenesis
assay were surprising for the mitogens Con A and PHAP (Figure 12, bottom). Both of
these mitogens should stimulate T lymphocytes. However, the highest responses to Con
A were observed in the smaller cell subpopulation, while the highest response to PHAP
was in the larger cell subpopulation.

When comparing field sites, the Upper Juniata site was predicted to have different
immune function responses than the out-of-basin site, Tionesta Lake, due to differences
in surrounding land use and potential contaminant exposures. Land use surrounding the
Upper Juniata site is more agricultural with some development and is also located within
the Susquehanna River basin where YOY SMB have suffered disease and mortalities
over the past two decades. Land use surrounding Tionesta Lake is mostly forested. Both

bactericidal and respiratory burst activity were higher at the more disturbed site, Upper
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Juniata. A negative correlation was observed between bactericidal activity and
background ROS at the Upper Juniata site (Figure 20). This was unexpected. ROS is a
mechanism for bactericidal activity, so it would make more sense to see a positive
correlation. Mitogenesis responses were not significantly different in total gated cells
between field sites (Figure 13) but different trends were observed when looking at

subpopulations of cells of different sizes (Figures 14-16).

Histopathology and the immune response

To better understand the immune assays, histopathology was also assessed for
each site. The laboratory fish did not exhibit any major signs of disease or infections.
SMB collected from the Upper Juniata exhibited active granulomas that did not appear to
be parasite-related while SMB collected from Tionesta Lake, the more forested site, had
higher parasite ratings and granulomas which contained encysted trematodes and other
killed parasites surrounded by macrophages and macrophage aggregates. Land use can
impact the prevalence of parasites in multiple ways. Parasitism may decrease at sites
where densities of intermediate hosts declines or if parasites themselves are more
susceptible to contaminants than their host (Lafferty 1997). Parasitism may increase at
sites where host resistance is down from other stressors or where densities of
intermediate hosts increase (Lafferty 1997). In addition to granulomas and parasites,
histological analyses of the fish collected in the field also showed inflammation and high
numbers of macrophage aggregates in the splenic tissues.

Macrophage aggregates are groups of macrophages and lymphocytes that can be
used as a biomarker of exposure to environmental degradation (Fournie et al. 2001;

Blazer 2002) as multiple studies have found positive correlations between the presence of
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macrophage aggregates and environmental contamination particularly in the liver and
spleen of aquatic organisms (Wolke et al. 1985; Spazier et al. 1992; Wolke 1992; Blazer
et al. 1994; Couillard and Hodson 1996; Meinelt et al. 1997; Facey et al. 1999) but also in
ovarian tissue (Stott et al. 1981; Johnson et al. 1988; Barry et al. 2001). Macrophage
aggregates respond relatively rapidly in aquatic organisms that are stressed due to
exposure to environmental contamination (Fournie et al. 2001). Therefore, the presence
of macrophage aggregates can be used as an indicator or early warning sign of
environmental disturbance.

Macrophage aggregates play an important role in the immune response of fishes.
They localize tissue damage and accumulate one or more easily observable pigments,
including lipofuscin or ceroid (oxidized lipid), hemosiderin (iron-containing) or melanin
(Fournie et al. 2001; Blazer 2002). Lipofuscin accumulates with age and tissue
destruction (mainly tissue necrosis and starvation of post-mitotic cells), ceroid
accumulates in response to a variety of stressors including disease, hemosiderin
accumulates from hemolysis of red blood cells, and melanin is suspected to be involved
in removing substances that have been phagocytized by macrophages (Wolke et al. 1985;
Fournie et al. 2001; Blazer 2002). Macrophage aggregates, especially in the spleen and
liver, have also been compared to germinal centers in mammals for their ability to trap
and store both particulate and soluble antigen extracellularly as a place where
lymphocytes can migrate through to become stimulated (Ellis et al. 1976; Ellis 1980).

My results suggest that combinations of biomarkers are needed to more
comprehensively understand fish health in the field, especially because land use alone

does not tell the whole story. There are many factors other than contaminants, such as
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parasites and bacterial infections, which may influence the immune response. The idea of
multiple stressors on aquatic organisms is an increasing area of concern. Interactions
between contaminants and disease decrease the fitness of an organism, which affects
survival and reproductive potential of both the individual and the population (Morley et
al. 2006). Exposure to multiple contaminants and disease can compromise immune

function, making an organism more susceptible to subsequent stressors.

Parasites and bacterial infections

Specific effects of certain parasites and bacteria on the fish immune response have
been documented. They have been found to both stimulate and suppress immune
function. Trematodes, nematodes, myxozoan parasites and mycobacteria are all
commonly observed in wild fishes. Extracellular infections of mycobacteria have been
shown to induce inflammation of infected tissues (Chen et al. 1998), increase respiratory
burst and phagocytic activity in Nile tilapia and rainbow trout (Chen et al. 1996; Chen et
al. 1998), increase antibody production to Mycobacterium spp. in rainbow trout (Chen et
al. 1996) and have an immunosuppressive effect on rainbow trout macrophages cultured
in vitro with media supplemented with high levels of mycobacteria (Chen et al. 1998).

Contaminant exposure and parasites can interact to affect host species in multiple
ways. Numerous types of contaminants and trematode parasites can affect immunological
and physiological processes and have direct and indirect effects on disease and survival
(Morley et al. 2006). For instance, pollutants were found to cause a decrease in
circulating eosinophils which are important in the defense against macroparasite
infections (Kiesecker 2002), a decrease in LPS-induced lymphocyte mitogenesis in the

marine toad Bufo marinus (Linzey et al. 2003), an increase in anterior kidney (AK)
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leukocyte mitogenesis in carp Cyprinus carpio (Schuwerack et al. 2001; Schuwerack et
al. 2003), and a decrease in the hemolytic plaque-forming cell response in AK leukocytes
of juvenile Chinook salmon (Jacobson et al. 2003).

Nematode parasites have been found to induce inflammation and macrophage
phagocytic activity in minnows. Encapsulated nematode parasites in the liver and
pancreas of minnow Phoxinus phoxinus (L.) were shown to induce a host immune
response driven most abundantly by mast cells (inflammatory cells), but also rodlet cells,
macrophages, and neutrophils (Dezfuli et al. 2009). Macrophages were the only active
phagocytes (Dezfuli et al. 2009).

In a review by Sitja-Bobadilla (2008), myxozoan parasites were found to increase
respiratory burst in terms of ROS (Mufioz et al. 2000a; Sitja-Bobadilla et al. 2006;
Alvarez-Pellitero et al. 2008) and reactive nitrogen intermediates produced by activated
phagocytes (Golomazou et al. 2006), decrease phagocytic activity (Chilmonczyk et al.
2002; Cuesta et al. 2006b), decrease lymphocyte activity (Densmore et al. 2004;
Bermudez et al. 2006; Cuesta et al. 2006b; Alvarez-Pellitero et al. 2008), and increase
cell-mediated cytotoxicity of non-specific cytotoxic cells (Cuesta et al. 2006b).
Myxozoans were also shown to affect nonspecific humoral factors including peroxidases,
lysozyme and complement both positively and negatively (Mufioz et al. 2000b; Foott et
al. 2004; Karagouni et al. 2005; Cuesta et al. 2006a; Cuesta et al. 2006b; Golomazou et
al. 2006; Sitja-Bobadilla et al. 2006; Kaltner et al. 2007; Mufioz et al. 2007; Alvarez-
Pellitero et al. 2008) and to increase the presence of specific antibodies in the adaptive
immune response (Furuta et al. 1993; Saulnier and Kinkelin 1996; Hedrick et al. 1998;

Bartholomew 2001; Sitja-Bobadilla et al. 2004).
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Exposure to herbicides

One of the major differences in surrounding land use between the two field sites
was the total kilograms of pesticide applied to cultivated fields between 2001 and 2015,
which enter into aquatic systems through surface run-off. Chronic exposure to pesticides
or other xenobiotics is suspected to have immunosuppressive effects putting fish more at
risk for disease (Dunier and Siwicki 1993). During those 14 years, the total applied
pesticide surrounding the Upper Juniata Site was over 350,000 kg and just a little over
9,000 kg applied to the watershed surrounding the Tionesta Lake site. Pesticides applied
consisted of more than 99% herbicides at both sites. Various evaluations have been
employed to assess immune function in response to environmental chemicals,
particularly herbicides (Dunier and Siwicki 1993). Specific effects of herbicides to the
fish immune response have been documented.

In a review by Dunier and Siwicki (1993), herbicides were found to cause death
(Belamie and Giroud 1986), an increase in macrophage aggregates in liver of mugliads
Liza ramada and Liza aurata (Biagianti-Risbourg 1990), decreases in circulating
leukocytes of multiple fish species (Berry 1975; Walsh and Ribelin 1975; Kreutz et al.
2011), atrophy of lymphoid organs (Walsh and Ribelin 1975), decreased numbers of
lymphocytes in the spleen of lake trout and coho salmon (Walsh and Ribelin 1975), and
increased phagocytosis and suppressed hematopoiesis in rainbow trout (Spitzbergen et al.
1986). While Spitsbergen et al. (1986) found increased phagocytosis, Kreutz et al. (2010)
found decreased phagocytic activity in fish following herbicide exposure. This could be
due to a multi-phased immune response, where the immune response is stimulated for

low-dose contaminant exposures but later becomes suppressed as dose increases (Sharma
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1988). This type of multi-phased immune response was seen in my study where | found
increased immune responses for low parasite ratings but decreased responses for higher
parasite ratings (Figures 23a and 24a).

Herbicides have also been found to reduce resistance of fish to pathogen invasion
(Fatima et al. 2007; Kreutz et al. 2010), enhance lysozyme activity in goldfish (Fatima et
al. 2007), increase respiratory burst of phagocytes in spleen, kidney and liver of goldfish
(Fatima et al. 2007), increase the number of immature circulating leukocytes (Kreutz et
al. 2011), increase oxidative stress by disrupting oxidant-antioxidant balance in
phagocytes (Ferreira et al. 2010), and induce hepatic cell injuries including hepatocyte

degeneration and bile stagnation in silver catfish (Ferreira et al. 2010).

Detecting mitogenesis via EdU labeling and image-based flow cytometry

One of the major goals of my study was to develop a mitogenesis method for
smallmouth bass leukocytes using image-based flow cytometry and EdU labelling
techniques to allow analysis of different populations of leukocytes in more detail than
standard flow cytometry. Analyzing subpopulations of leukocytes is important because
different populations of leukocytes have shown variable sensitivities to contaminants
(Dunier and Siwicki 1993). For example, lymphocytes in general may be more
susceptible to damage from the effects of xenobiotics than macrophages and even further,
suppressor T cells may be more sensitive than helper T cells (Sharma 1988; Dunier and
Siwicki 1993). Looking at subpopulations is also important because not all adherent cells
during the mitogenesis assay are lymphocytes, but also include macrophages,

granulocytes and immature cells. The technique developed in this study does not
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differentiate the adherent cell populations, but it could with a few additions to the assay
(see limitations below).

Various methods for mitogenesis have been applied to several fish species, not
including smallmouth bass. Previously, mitogenesis methods utilized for fish have been
for rainbow trout (Oncorhynchus mykiss; Lin et al. 1999; Scharsack et al. 2001; Gauthier
et al. 2003), white perch (Morone americana; Gauthier et al. 2003), Atlantic salmon
(Salmo salar L.; Espelid et al. 1996), brown bullhead (Ameirus nebulosus; Iwanowicz et
al. 2009), largemouth bass (Micropterus salmoides; Iwanowicz et al. 2012), channel
catfish (Ictalurus punctatus; Sizemore et al. 1984), and hybrid striped bass (female
striped bass Morone saxatilis x male white bass M. chrysops; Harms et al. 2000). None of
the studies mentioned above used the EdU detection method or image-based flow
cytometry. No previous studies were found that divided their analysis into subpopulations
based on cell size as in this study.

Iwanowicz et al. (2009) used standard flow cytometry for analysis and compared
cell populations by forward and side scatter properties. Based on forward and side scatter
properties alone, they defined cell populations as lymphocytes (small low-complexity),
neutrophils (large-complex), and macrophages (large-low-complexity). Forward scatter
gives an indication to cell size and side scatter tells how complex, or granular, a cell is
(Basiji et al. 2007). lwanowicz et al. (2009) reported lymphocytes as 50-60% of total
gated cells, neutrophils as 30-40% and macrophages as 10-20%.

| defined cell populations based on cell diameter and found the smallest (4-7 um)
cells constituted 5-20% of total gated cells, 7-12 um cells were 40-60%, 12-15 um cells

were 10-30% and the largest (15-20 um) cells were 0-10%. It was impossible for me to
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tease out cell types based on cell size alone. Lymphocytes in teleosts usually range from
5to 10 um (Catton 1951; Blaxhall and Daisley 1973; Williams and Warner 1976; Barber
et al. 1981). Stage of maturation also affects cell size. This is important in my study
because my cells were isolated from anterior kidney, the main hematopoietic tissue in
fish, so various stages of development were inevitably present including blast cells which
are larger than mature lymphocytes. Hematological assessments in trout have measured
small lymphocytes from 5.4 to 8.1 um (x = 7.0), large lymphocytes from 8.1 to 10.8 pum
(x =9.1) and blast cells were as big as 12.6 to 15.3 pum (x = 15.1; Blaxhall and Daisley
1973).

In an attempt to validate the cell sizes in my study, I looked at a subpopulation of
cells microscopically during one of the mitogenesis assay runs. This validation has
limitations in that | only sampled a small subset of fish and only included laboratory-
reared fish. However, this gave me an idea of what the different cell size subpopulations
could possibly be. This provided important information as | measured lymphocytes larger
and smaller than 10 um (Figure 26B-C). By looking at the cellular morphology of the
cells collected with image-based flow cytometry, another issue with identifying cell types
based on size alone became clear. Some of the single cell events that the flow cytometer
collected appeared to be smaller cells going through mitosis (Figure 27). Considering
Con A stimulation alone, there were clearly some small lymphocytes that were stimulated

(Figure 28) but there were also some larger cells (Figure 29).
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Figure 26. Leukocyte blood smears. Blood smears collected from laboratory fish in
Kearneysville, WV. Cell suspensions were taken directly from the mitogenesis plate
during assay and smeared on glass slides. Hema 3™ (A-B) and Giemsa (C) stain, bar
equals 10 um. (A) Neutrophils >10 um (arrows), (B) Lymphocytes >10 um (arrows), and
(C) Lymphocytes <10 um (arrows).
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Figure 27. Leukocyte images taken on Amnis FlowSight® Image-based flow
cytometer. Channel 11 is EdU fluorescence. Fluorescence of EdU indicates newly
synthesized DNA in S phase cells. Dark red indicates positive response to Con A. Cells
appear to be going through telophase (left) and anaphase (right) stages of mitosis. This
affects reported cell size.
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Figure 28. Con A positive lymphocytes. Channel 1 and channel 9 are brightfield,
channel 6 is side scatter and channel 11 is EdU fluorescence. Fluorescence of EQU
indicates newly synthesized DNA in S phase cells. Dark red indicates positive response
to Con A.
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Figure 29. Larger Con A positive cells. Channel 1 and Channel 9 are brightfield,
channel 6 is side scatter and channel 11 is EdU fluorescence. Fluorescence of EQU
indicates newly synthesized DNA in S phase cells. Dark red indicates positive response
to Con A.

The inability to further classify cell sizes is one of the limitations of my study, but
the timeline and funding did not permit further analyses. In the future, a nuclear stain
could easily be added to the end of the mitogenesis assay to separate cell types by nuclear
morphology and then an antibody can be used to tease out B cells from T cells by
targeting specific B cell receptors, both via image-based flow cytometry. Additionally,
subgroups of cell sizes could be separated differently (versus 4-7 um, 7-12 um, 12-15
pm, and 15-20 pum). Although from this study it is not possible to tease out cell types

based on size alone, it is still interesting to break the mitogenesis results down into
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subgroups because it gives more information than just looking at the total population of
cells.

For example, leukocytes isolated from SMB collected at Upper Juniata did not
show positive responses to PHAP until the results were broken down into subpopulations
(Figures 13 and 15). The same occurred with leukocytes isolated from SMB collected at
Tionesta Lake. At Tionesta Lake, there appeared to be no positive responses to LPS until
the results were broken into subpopulations (Figures 13 and 16). The cell populations
most sensitive to Concanavalin A varied based on site (Figure 14). Generally, the largest
cell groups (12-15 and 15-20 pm) were most sensitive to PHAP (Figure 15) while the
smallest (4-7 um) and largest groups (15-20 um) were most sensitive to LPS stimulation
(Figure 16). LPS is normally thought of as a B cell mitogen, but it has also been shown to
target other cell types, including macrophages and other antigen-presenting cells in mice
(Tough et al. 1997).

During the methods development for the mitogenesis assay, a few concerns
became apparent. The first concern was that | was not centrifuging the mitogenesis plate
in between/before wash steps during the assay, so | may have been losing high numbers
of cells. This was addressed by performing a side study comparing plates side by side
(one centrifuged plate and one non-centrifuged plate) with leukocytes isolated from
leftover laboratory SMB. There were no significant differences in mitogenesis
stimulation indices between plates, so it was determined that centrifugation between wash
steps is not necessary for the method developed here. Another concern was whether or

not to analyze the cells based on width or diameter. Diameter was chosen to single out

68



cells that are completely round, but this could also have eliminated cells actively going

through mitosis, and therefore more elongated, in the analysis.

Limitations and conclusions

One limitation of my entire study is that although disease in the Susquehanna
basin has affected mainly YOY, | was only able to sample adults because only adults had
high enough cell yields to run the immune function assays. Towards the end of this study,
however, | worked with other scientists at the USGS Fish Health Research Laboratory in
Kearneysville, WV to develop immune function methods that could work effectively with
fewer cells by running the assays in 384-well plates instead of 96-well plates, so this
could be used in future studies to directly study smaller fish when needed.

Another limitation is that | was not able to do antibody titers to see if the wild fish
in my study were already exposed to Aeromonas sobria due to time restraints. Previous
exposure would be a confounding variable for the bactericidal results, although in a
review by Secombes and Chappell (1996) it was noted by four previous studies that little
direct relationship has been found to exist between infection intensity, degree of
protection and antibody titer. Still, in the future, it would be helpful to perform antibody
titers to directly determine if the fish were already exposed to A. sobria in the field. A
third limitation to this study is the small sampling sizes and the use of bioassays, which
are useful at predicting effects on the individual and population levels but can be limited
in predicting effects on the community level (Lafferty 1997). Some of the results show
slight differences but are not significant because sample sizes are too small. The high
variability in the immune response of wild fish as seen in the results indicates that larger

sample sizes would have been better.
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A fourth limitation is that cell counts made in the laboratory were not normalized
based on anterior kidney tissue size. In the future, it would be worthwhile to weigh
anterior kidney tissue in the field after excision. This will help determine ratio of total
isolated cells to total amount of tissue. Also, background ROS comparison could not be
made for the laboratory-reared fish because a more efficient method was used to reduce
time and increase sensitivity of the respiratory burst assay. Phorbol myristate acetate
(PMA) was used as the stimulant for the laboratory-reared fish and the results were read
with image-based flow cytometry. It would be useful to sample more laboratory fish,
repeat the respiratory burst assay using LPS as the stimulant, and read the results on the
microplate reader. This would allow comparison of background ROS in laboratory-reared
fish to the wild fish in this study.

Ultimately, the products of my study are three immune function assays that have
been validated for wild fish, specifically smallmouth bass, which will be used to help
inform the U. S. Geological Survey’s Chesapeake Science Strategy (Phillips et al. 2015)
on relationships between land use, contaminants and wild fish health. These provide
information on smallmouth bass leukocytes’ ability to kill bacteria, produce ROS, and
proliferate in response to mitogens. Whether or not smallmouth bass in the Susquehanna
and Potomac Rivers are actually suffering from immunosuppression cannot be concluded
from this study. However, the development of immune assays will allow more work to be
done on the immune response in wild fish and integration with chemical contaminant

data and other biological endpoints can be studied to provide an answer to that question.
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